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U N i V t R S i f Y  Or RATH
ABSTRACT
The sy n ch ro n o u s  r e a c ta n c e s  o f a  s a l i e n t - p o l e  synch ro n o u s m achine 
a re  f u n c t io n s  o f  th e  lo a d  o f  th e  m achine b e c a u se  o f  th e  n o n - l i n e a r i t y  
c au sed  by m a g n e tic  s a t u r a t i o n .  In  th e  d - a x is  th e  m achine i s  more 
s a tu r a t e d  th a n  i n  th e  q - a x i s ,  and f o r  e x a c t  a n a ly s i s  a p p r o p r ia te  s a t ­
u r a te d  r e a c ta n c e s  h av e  to  b e  u se d .
A th r e e  d im e n s io n a l n u m e ric a l s o lu t i o n  o f th e  f i e l d  p ro b lem , b a se d  
on ne tw o rk  m ethod i s  d ev e lo p ed  to  c a l c u l a t e  th e  r e a c ta n c e .  The n o n - 
l i n e a r i t y  o f  th e  m a g n e tic  m a t e r i a l s ,  th e  c o m p lic a te d  c o n to u rs  o f  th e  
c ro s s  s e c t i o n  o f  th e  m ach in e , and th e  c u r r e n t s  in  th e  v a r io u s  w in d in g s  
a r e  f u l l y  c o n s id e re d .  The a n a ly s i s  i s  a p p l ie d  to  th e  p r e d e te r m in a t io n  
o f  f lu x  and f l u x  d e n s i ty  in  a hom opolar l i n e a r  synch ro n o u s m ach in e .
The f l u x  d e n s i t i e s  a r e  u sed  to  p r e d i c t  th e  m a g n e tis in g  in d u c ta n c e s ,  by 
th e  u se  o f  a f l u x  l in k a g e  m ethod. The norm al f o r c e s  a c t in g  b e tw een  th e  
r o t o r  and s t a t o r  a r e  a l s o  c a l c u la te d  in  a number o f  d i f f e r e n t  ways 
in c lu d in g  th e  u se  o f  M axw ell*s s t r e s s .
The f i e l d  i s  d e s c r ib e d  and th e  s im p l i f y in g  assu m p tio n s  arid b oundary  
c o n d i t io n s  a r e  d is c u s s e d .  The g o v e rn in g  e q u a t io n s  f o r  s c a l a r  p o t e n t i a l  
i n  te rm s o f  n e tw o rk  p r o p e r t i e s  a re  d ev e lo p ed  from  M axw ell’ s e q u a t io n s .
The n u m e ric a l s o l u t i o n  o f  th e  l i n e a r  s e t  o f  netw ork  e q u a t io n s  i s  o b ta in e d  
by s u c c e s s iv e  o v e r - r e l a x a t i o n  and th e  n o n l i n e a r i t y  i s  c o n s id e re d  by an 
a l t e r n a t i n g  r e l a x a t i o n  p ro c e d u re . The d i f f i c u l t i e s  a s s o c ia te d  w ith  th e  
u se  o f  s c a l a r  p o t e n t i a l  have b een  overcom e by c o n s id e r in g  th e  perm eab le  
r e g io n  to  be  c u r r e n t  f r e e .  A ll  th e  c u r r e n t - c a r r y in g  c o n d u c to rs  a re  
p la c e d  i n  th e  su r ro u n d in g  a i r .
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E q u a tio n s  f o r  a  s im p le  a i r - g a p  c a l c u l a t i o n  o f  th e  in d u c ta n c e s  and 
norm al f o r c e s  i n  a hom opolar l i n e a r  synch ronous m achine a re  d e r iv e d .
The le a k a g e  in d u c ta n c e s  p rod u ced  by  a i r - g a p  f l u x  w hich  f a i l s  to  re a c h  
th e  r o t o r  h av e  b een  c o n s id e re d  a s  p a r t s  o f  th e  m a g n e tis in g  in d u c ta n c e s .  
I n c lu s io n  o f th e s e  le a k a g e  com ponents e n a b le s  c lo s e  ag reem en t to  be  
o b ta in e d  w ith  th e  m easu red  v o l t a g e s .  The le a k a g e  com ponents hav e  no 
in f lu e n c e  on th e  fo r c e s  p ro d u ced  by  th e  hom opolar LSM.
The good ag reem en t a c h ie v e d  i n  a co m parison  be tw een  th e  c a l c u la te d  
and e x p e r im e n ta l  r e s u l t s  f o r  th e  hom opolar l i n e a r  sy nch ronous m o to r , 
c o n firm s  th e  v a l i d i t y  and a c c u ra c y  o f  th e  ne tw o rk  f i e l d  c a l c u l a t i o n  
m ethod .
The m e c h a n ic a l and e l e c t r i c a l  c h a r a c t e r i s t i c s  o f  th e  hom opolar LSM 
a re  com pared w ith  th o s e  a l r e a d y  found f o r  a h e t e r o p o la r  m ach in e . The 
a d v a n ta g e s  and d is a d v a n ta g e s  o f  b o th  th e s e  m ach ines f o r  advanced  t r a n s p o r t  
sy s tem  a re  d is c u s s e d  in  d e t a i l .  M ethods f o r  im provem ent o f power f a c t o r  
and f o r  re d u c in g  p o le  lo s s e s  a re  a l s o  m e n tio n e d .
I l l
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CHAPTER ONE
G en era l I n t r o d u c t io n
A ll form s o f  r o t a r y  e l e c t r i c a l  m ach ine have t h e i r  l i n e a r  c o u n te r ­
p a r t s .  The u s e  o f  th e  l i n e a r  form s i s  p a r t i c u l a r l y  a t t r a c t i v e  in  th e  
f i e l d  o f  e l e c t r i c  t r a c t i o n  s in c e  d i r e c t  p ro p u ls io n  i s  p o s s i b l e .  T h is  
rem oves th e  need  f o r  m e c h a n ic a l power t r a n s m is s io n  com ponents and a l s o  
th e  n e c e s s i t y  f o r  w heel to  t r a c k  a d h e s io n .
In  a d d i t i o n  to  th e  t h r u s t  f o r c e s  t h a t  a r e  p roduced  by l i n e a r  m ach ines 
th e r e  a l s o  e x i s t  com ponents o f f o r c e  t h a t  a c t  in  a d i r e c t i o n  norm al to  
th e  t r a c k  s u r f a c e .  T hese f o r c e s  can  b e  u t i l i s e d  to  s u p p o r t  a  com ple te  
v e h i c le .  I f  w h ee ls  a r e  u sed  th e n  th e  norm al f o r c e  c o u ld  b e  u sed  to  
s u p p o r t  th e  t r a c t i o n  m o to rs  so t h a t  th e  s i z e  o f th e  s u sp e n s io n  com ponents 
co u ld  b e  re d u c e d .
L in e a r  fo rm s o f  th e  in d u c t io n  m achine ( F i g . 1 .1 )  h av e  r e c e iv e d  m ost 
a t t e n t i o n  f o r  u se  in  t r a c t i o n  a p p l i c a t i o n s T h i s  i s  b e c a u se  
su ch  m ach ines p ro d u ce  f o r c e  a t  a l l  speeds Cup to  sy n ch ro n o u s speed) from  
a f ix e d - f r e q u e n c y  ac  s u p p ly .  Speed c o n t r o l  i s  a l s o  p o s s ib le  by u s in g  a 
v e ry  s im p le  v o l t a g e  c o n t r o l l e r .  A lth o u g h  a t t r a c t i v e  a t  f i r s t  s i g h t  th e  
l i n e a r  in d u c t io n  m ach ine h a s  a  number o f d e f i c i e n c i e s .
In d u c t io n  m ach ines hav e  h ig h  e f f i c i e n c i e s  o n ly  in  th e  v i c i n i t y  o f 
synch ro n o u s s p e e d . In  t r a c t i o n  a p p l i c a t io n s  lo n g  p e r io d s  o f  o p e r a t io n  
a t  o th e r  sp e e d s  w ould p ro b a b ly  be n e c e s s a r y .  T h is  d i f f i c u l t y  can  b e  
p a r t i a l l y  overcom e by u s in g  p o le -c h a n g e  w in d in g s , o r  b e  c o m p le te ly  
rem oved by th e  u s e  o f  a v a r ia b le - f r e q u e n c y  su p p ly .
R o ta ry  in d u c t io n  m ach ines have v e ry  sm a ll a i r - g a p s  in  o rd e r  to  keep 
th e  m a g n e tis in g  com ponent o f c u r r e n t  a s  sm a ll as p o s s i b l e .  T h is  c u r r e n t  
i s  p u re ly  r e a c t i v e  and i t s  e f f e c t  i s  to  re d u c e  th e  m o to r power f a c t o r .
I n  l i n e a r  in d u c t io n  m a c h in e s , i t  i s  n e c e s s a ry  to  u se  r e l a t i v e l y  la r g e  
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a d e q u a te  c l e a r a n c e  betw een  m otor and t r a c k .
In  l i n e a r  in d u c t io n  m ach ines th e  edges o f  th e  wound ( s t a t o r )  member 
g iv e  r i s e  to  t r a n s i e n t  e f f e c t s  w h ich  can make th e  c h a r a c t e r i s t i c s  o f 
th e  m otor v e ry  d i f f e r e n t  from  th o s e  p r e d ic te d  on th e  b a s i s  o f c o n v e n tio n a l  
th e o ry .  In  s h o r t  s t a t o r  m ach ines t r a n s i e n t  c u r r e n t s  a r e  in d u ced  in  
each  e lem en t o f  th e  r o t o r  a s  i t  p a s s e s  b e n e a th  th e  e n t r y  edge o f  th e  
s t a t o r .  T hese  c u r r e n t s  te n d  to  re d u c e  th e  norm al f l u x  d e n s i ty .  A t th e  
e x i t  end , th e  norm al f lu x  d e n s i ty  i s  d i s t r i b u t e d  b e h in d  th e  s t a t o r  by 
th e  e x i t  edge t r a n s i e n t  c u r r e n t s .  The r e s u l t  o f th e s e  two e f f e c t s  (w hich 
a r e  to g e th e r  known a s  th e  l o n g i tu d in a l  edge e f f e c t ^ ^ ‘^^) i s  to  c a u se
r e d u c t io n s  i n  e f f i c i e n c y ,  power f a c t o r ,  and t h r u s t  t h a t  a r e  d ep en d en t
. ( 1 .4 )  on sp eed
B ecause o f  th e  low power f a c t o r s  and e f f i c i e n c i e s  t h a t  a r e  o b ta in a b le  
from  l i n e a r  in d u c t io n  m a c h in e s , i n t e r e s t  i s  c u r r e n t ly  b e in g  shown in  
l i n e a r  form s o f  synch ro n o u s m ach in e . T h is  form  o f  m achine h as  th e  
a d v a n ta g e  t h a t  th e  a i r - g a p  m a g n e tis in g  c u r r e n t  i s  s u p p lie d  by a dc 
e x c i t e d  w in d in g  so  t h a t  im proved power f a c t o r s  a r e  o b ta in a b le .  L in e a r  
fo rm s o f th e  wound r o t o r  m achine a r e  n o t  c o n s id e re d  to  be  a p p l ic a b le  
f o r  t r a c t i o n  a p p l i c a t i o n s  s in c e  th e  p ro d u c t io n  o f  a  lo n g , wound seco n d a ry  
i s  p o t e n t i a l l y  v e ry  e x p e n s iv e . The m ost econo m ica l form  o f  m achine f o r  
t h i s  d u ty  i s  an  in d u c to r - ty p e  m achine in  w hich  b o th  th e  ac and th e  dc 
e x c i t e d  w in d in g s  r e s i d e  on th e  s h o r t  p rim a ry  member t h a t  i s  a t ta c h e d  to  
th e  v e h i c l e .
F ig u re  1 .2  shows a  form  o f  "c law  p o le "  l i n e a r  synch ro n o u s m otor 
. ( 1 . 2)c o n s id e re d  by L ev i * . When th e  dc w ind ing  i s  e n e rg is e d  a l t e r n a t e
N an d  S p o le s  a r e  p ro d u ced  b e n e a th  th e  p r im a ry  on th e  t r a c k  member.
The ac  w in d in g  i s  wound w ith  th e  same p o le - p i t c h  a s  th e  t r a c k  member.
tf.c. winding
-  -  -I
r"
a.c. winding
Fig 1-2 : Claw-pole h e t r o p o la r
l i near  synchronous motor
die windings
•a.c. windings
Fig 1-3 : T ran sve rse - f l ux  hetropolar  
l inear synchronous motor.
Wien e n e rg is e d  w ith  ac a f i e l d  i s  p ro d u ced  t h a t  h as  a v e l o c i t y  r e l a t i v e  
to th e  p r im a ry . P ro v id ed  t h a t  th e  ac  f i e l d  h a s  a v e l o c i ty  e q u a l and 
o p p o s ite  to  t h a t  o f  th e  v e h ic le  i t  w i l l  b e  s t a t i o n a r y  r e l a t i v e  to  th e  
t r a c k  p o le s  and t h r u s t  f o r c e  w i l l  be  p ro d u c e d .
In  o r d e r  f o r  th e  m oto r o f  F ig .  1 .2  to  p ro d u ce  t h r u s t  a t  a l l  speeds 
i t  i s  n e c e s s a ry  to  u se  a  v a r ia b le - f r e q u e n c y  ac  su p p ly . V a r ia b le  v o l ta g e  
is  a l s o  n e c e s s a ry  in  o rd e r  to  p ro d u ce  v a r i a b l e  t h r u s t .  B o th  f u n c t io n s  
a re  a v a i l a b l e  from  m odern v o l t a g e  s o u rc e  o r  c u r r e n t  s o u rc e  i n v e r t e r s .
The f l u x  p a th s  in  th e  L e v i m achine a r e  r a t h e r  lo n g , com plex and 
prone to  le a k a g e . A more com pact form  o f  m achine (F ig . 1 .3 )  was f i r s t  
d e s c r ib e d  i n  R e fe re n c e  1 .1  and  t e s t s  on a  p r a c t i c a l  model and a  f i r s t  
a n a ly s i s  g iv e n  i n  R e fe re n c e  1 .5 .  In  t h i s  m achine th e  dc f l u x  p a th s  l i e  
in  p la n e s  t h a t  a r e  t r a n s v e r s e  to  th e  d i r e c t i o n  o f  m o tio n . T h is  r e s u l t s  
in  a much s im p le r  t r a c k  c o n s t r u c t io n  th a n  i s  r e q u i r e d  f o r  th e  m achine o f 
F ig .  1 .2 .  The ac  f lu x  can  ta k e  lo n g i tu d in a l  o r  t r a n s v e r s e  p a th s  
depend ing  on th e  p o s i t i o n  o f  th e  p o le s  p roduced  by th e  ac  c u r r e n t  
r e l a t i v e  to  th e  t r a c k  p o le s .  When th e  t r a c k  p o le s  a r e  c o in c id e n t  w ith  
th e  ac f i e l d  p o le s  ( th e  d - a x is  p o s i t i o n  in  c o n v e n t io n a l synchronous 
m achine th e o ry )  th e  f lu x  i s  t r a n s v e r s e .  A t a p o s i t i o n  w here th e  t r a c k  
p o le  i s  midway be tw een  two ac  p o le s  ( th e  q - a x is  p o s i t i o n )  th e  f l u x  ta k e s  
lo n g i tu d in a l  p a th s .
F ig u re  1 .4  shows a l i n e a r  form  o f  th e  "hom opolar in d u c to r  a l t e r n a t o r "
(1 . 2)ty p e  o f  m achine * . I n  t h i s  form  o f m achine th e  dc w in d in g  p ro d u ces  N
p o le s  on one s id e  o f  th e  t r a c k  member andS p o le s  on th e  o th e r .  The two 
ac w in d in g s  h av e  a p o l e - p i t c h  o f  one h a l f  o f  th e  d is ta n c e  betw een  th e  
t r a c k  p o le s .  F o rce  i s  p ro d u ced  by th e  same m echanism  as was d e s c r ib e d  
f o r  th e  h e t e r o p o la r  m a ch in es .
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The c o m p le x ity  o f  th e  t r a c k  member u sed  by th e  m achine o f  F ig .  1 .4  
ca n  be red u ce d  by r e a r r a n g in g  th e  p o s i t i o n  o f th e  two ac w in d in g s  as  shown in  
F i g .  1 .5 ^ ^ '^ ^ .  The in d iv id u a l  c o i l s  c o u ld  be  s im p ly  form ed by  u s in g  a 
" c r o s s - o v e r "  be tw een  th e  two s id e  l im b s ^ ^ '^ ^ .
The r o t o r  member in  th e  l i n e a r  in d u c to r  m achines i s  o n ly  r e q u i r e d  
to  com ple te  th e  f l u x  p a th s  and n o t ,  a s  in  th e  c a se  o f  th e  in d u c t io n  
m ach in e , to  s u p p o r t  th e  se c o n d a ry  c u r r e n t s .  R o to r r e s i s t a n c e  can  th e r e ­
f o r e  b e  made a s  h ig h  a s  i s  p r a c t i c a l l y  p o s s i b l e .  By t h i s  means th e  
l o n g i tu d in a l  edge e f f e c t s  can  b e  a lm o s t e n t i r e l y  e l im in a te d  w ith  
c o n se q u e n t im provem ents in  b o th  power . f a c t o r  and e f f i c i e n c y .  A f u r t h e r  
a d v a n ta g e  o f th e  red u ce d  edge e f f e c t  i s  t h a t  th e  th e o r i e s  w h ich  have 
b e e n  d ev e lo p ed  f o r  c y l i n d r i c a l  sy nch ronous m ach ines can  b e  u sed  to  g iv e  
v e ry  good p r e d ic t io n s  o f  th e  p erfo rm an ce  o f  l i n e a r  m a ch in es .
I n  R e fe re n c e  1 .5  c o n v e n t io n a l  s a l i e n t - p o l e  th e o ry  was u sed  to  d ev e lo p  
a  m odel f o r  th e  h e te r o p o la r  t r a n s v e r s e - f l u x  l i n e a r  synch ronous m ach in e .
The th e o ry  was b a se d  on th e  p r i n c i p l e  o f s u p e r p o s i t io n  and th u s  c o u ld  
n o t  ta k e  in to  a c c o u n t th e  n o n - l i n e a r i t y  o f  th e  i r o n . i n  th e  m a g n e tic  
c i r c u i t .  In  o rd e r  to  u s e  th.e minimum w e ig h t o f i r o n  th e  m a g n e tic  c i r c u i t  
sh o u ld  b e  w orked a t  a s  h ig h  a f l u x  d e n s i ty  a s  p o s s i b le .  T h is  in e v i t a b ly  
means t h a t  th e  n o n - l i n e a r i t y  o f  th e  c h a r a c t e r i s t i c s  o f th e  m a g n e tic  
m a te r i a l  m ust b e  in t ro d u c e d  in to  th e  m odel.
One ap p ro ac h  to  th e  in t r o d u c t io n  o f n o n - l i n e a r i t y  was d e v ise d  by 
K i lg o r e ^ ^ '^ ^ .  He r e s o lv e d  th e  synch ronous r e a c ta n c e s  in to  two com ponents 
u s in g  th e  p r i n c i p l e s  o f  s u p e r p o s i t i o n .  E m p ir ic a l c o n s ta n ts  w ere o b ta in e d  
from  t e s t s  and u sed  to  m odify  th e  a x is  r e a c ta n c e s .  A more r ig o ro u s  
d e te rm in a t io n  o f  th e  a x i s  r e a c ta n c e s  was d ev e lo p ed  in  R e fe re n c e  1 .8  t h a t  
u t i l i s e d  tw o -d im e n s io n a l,  n o n - l in e a r  f lu x  p l o t s .  One p u rp o se  o f th e
w ork d e s c r ib e d  in  t h i s  t h e s i s  i s  to  im prove f u r t h e r  th e  c a l c u l a t i o n  o f  
synch ronous m achine c o n s ta n ts  by  em ploying  a th r e e -d im e n s io n a l ,  n o n - l in e a r  
f l u x  p l o t t i n g  m ethod .
P ro d u c tio n  o f  f lu x  p l o t s  u s in g  com puters  h as  a r e l a t i v e l y  s h o r t
(1 .9 )h i s t o r y .  In  1960 Mamak and L a i th w a i te  * su g g e s te d  u s in g  a  r e l a x a t i o n  
m ethod f o r  s o lv in g  m achine f i e l d  p ro b lem s. F i n i t e - d i f f e r e n c e  e q u a t io n s  
b a se d  on th e  m a g n e tic  v e c to r  p o t e n t i a l  w ere u s e d . The s o lu t io n  was in  
two d im en sio n s o n ly ,  w i th  th e  a ssu m p tio n  t h a t  th e  p e r m e a b i l i ty  o f  th e  
i r o n  was i n f i n i t e .  The d i s t r i b u t i o n  o f  v e c to r  p o t e n t i a l  in  a 2 -d im e n s io n a l 
f i e l d ,  in  w hich  p e r m e a b i l i t i e s  depend on f i e l d  q u a n t i t i e s ,  was found 
n u m e r ic a l ly  by  Ahamed^^ ' u s i n g  a f i n i t e - d i f f e r e n c e  m ethod . He a p p l ie d  
S tokes*  theorem  to  M axw ell*s e q u a t io n s  to  m odify  S o u th w e ll* s  r e l a x a t i o n  
te c h n iq u e  in  o rd e r  to  a c c e l e r a t e  co n v erg en ce  o f  th e  n u m e ric a l s o lu t i o n .
T h is  was n e c e s s a ry  b e c a u se  th e  p e r m e a b i l i t i e s  o f  two a d jo in in g  r e g io n s ,  
in  th e  e le c tro m a g n e tic  f i e l d ,  may v a ry  c o n s id e ra b ly  le a d in g  to  e x tre m e ly  
slow  co n v e rg e n c e . He a l s o  su g g e s te d  t h a t  an u n d e r - r e la x a t io n  o f 
p e r m e a b i l i t i e s  w ould b e  d e s i r a b l e  f o r  a v o id in g  undamped o s c i l l a t i o n s .
The s a t u r a t i o n  o f  m a g n e tic  m a t e r i a l s ,  w hich  w ere assum ed to  b e
(1 8)i s o t r o p i c ,  was a c c u r a te ly  ta k e n  in to  a c c o u n t by  Fuchs and E r d e ly i  
in  a 2 -d im e n s io n a l p ro b lem . T h is  m ethod was b a se d  on v e c to r  p o t e n t i a l  
and u sed  d i f f e r e n c e  e q u a t io n s  w i th  a tw o -s te p  i t e r a t i o n  te c h n iq u e .
In  th e  f i r s t  i t e r a t i o n  s t e p ,  th e  v e c to r  p o t e n t i a l s  w ere found  by  u s in g  
s u c c e s s iv e  l i n e  o v e r - r e l a x a t i o n  w ith  th e  a ssu m p tio n  t h a t  th e  
r e l u c t i v i t i e s  w ere r e c a l c u l a t e d  and u n d e r - r e la x e d  a f t e r  th e  new v e c to r  
p o t e n t i a l s  w ere fo u n d .
S i l v e s t e r  and C hari^^*^^^  a p p l ie d  a f i n i t e  e lem en t m ethod f o r  th e  
s o lu t io n  o f  n o n l in e a r  2 -d im e n s io n a l m a g n e tic  f i e l d  p ro b le m s. T h e ir  
c a l c u l a t i o n  m ethod was b a se d  on a d i s c r e t e  r e p r e s e n t a t i o n  o f  th e  m a g n e tic  
f i e l d  p rob lem  u s in g  f i n i t e  e lem en ts  w ith  n o n v a ry in g  p r o p e r t i e s  w i th in  
th e  e le m e n ts . They d e r iv e d  f i n i t e  d i f f e r e n c e  e q u a t io n s  f o r  th e  e n t i r e  
p rob lem  in  te rm s o f  th e  p o t e n t i a l s  a t  th e  v e r t i c e s  o f  th e  f i n i t e  e le m e n ts .  
W ith in  each  e lem en t th e  v e c to r  p o t e n t i a l  was a  l i n e a r  f u n c t io n  o f  th e  
v e r te x  p o t e n t i a l s .  In  t h e i r  s o lu t i o n ,  th e  n o n l in e a r  p a r t  o f  th e  c a l c ­
u l a t i o n  was p e rfo rm ed  u s in g  th e  New ton-Raphson m ethod, w hereas  G a u ss ia n  
t r i a n g u l a r  d e c o m p o s itio n  was u sed  to  s o lv e  th e  l i n e a r  e q u a t io n s .
In  th e  m ethods d e s c r ib e d  in  R e fe re n c e s  ( 1 .8 ) ,  (1 .9 )  and (1 .1 1 )  
th e  r e d u c t io n  o f  th e  p ro b lem  to  two d im en sio n s  r e q u i r e d  t h a t  o n ly  a sm a ll 
number o f  e q u a t io n s  need  b e  s o lv e d . In  th e  c a se  o f  r o t a t i n g  m a ch in es , a 
2-d im e n s io n a l r e p r e s e n t a t i o n  means t h a t  th e  c o n t r ib u t io n  o f  th e  le a k a g e  
f lu x  o f  th e  end w in d in g s  i s  n e g le c te d .  In  a d d i t io n  to  t h i s  th e  geom etry  
o f l i n e a r  synch ro n o u s m ach ines i s  com plex, so  t h a t  an  a c c u r a te  p r e d i c t i o n  
o f  p erfo rm an ce  r e q u i r e s  3 -d im e n s io n a l f lu x  d i s t r i b u t i o n s  to  b e  c a l c u l a t e d .  
When u s in g  v e c to r  p o t e n t i a l  fo rm u la tio n s  in  3D i t  i s  n e c e s s a ry  to  
c a l c u l a t e  th e  th r e e  com ponents a t  each  p o in t .  T h is  g r e a t l y  in c r e a s e s  
th e  number o f  e q u a t io n s  t h a t  have to  b e  s o lv e d .  C a r p e n t e r o v e r ­
came t h i s  d i f f i c u l t y  by  u s in g  a s c a l a r  p o t e n t i a l  fo rm u la t io n  t h a t  r e q u i r e s  
o n ly  one e q u a t io n  p e r  f i e l d  p o in t .  In  o rd e r  to  r e p r e s e n t  l a r g e  s e c t i o n  
c o n d u c to rs  th e  f i e l d  s t r e n g th  d i s t r i b u t i o n  t h a t  th e y  p ro d u ced  was f i r s t  
c a l c u la te d .  T h is  was th e n  in c o rp o ra te d  in to  th e  m ain s c a l a r  p o t e n t i a l  
s o lu t i o n .
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R e c e n tly ,  th r e e  d im e n s io n a l f i e l d  p rob lem s hav e  been  so lv e d  
n u m e r ic a l ly  by u s in g  a f i n i t e  e lem en t f o r m u l a t i o n ^ ^ T h i s  method 
i s  used  to  b e s t  a d v a n ta g e  when th e  s o lu t i o n  i s  i n  te rm s o f  s c a l a r  p o t e n t i a l ,  
s in c e  one unknown p e r  n o d a l p o in t  i s  r e q u i r e d .  I f  v e c to r  p o t e n t i a l  w ere 
u se d  th e  u se  o f  th r e e  e q u a t io n s  p e r  node would b e  n e c e s s a ry .  The f i n i t e  
e le m e n t m ethod i s  v e ry  u s e f u l  f o r  s o lv in g  p rob lem s t h a t  have  c o m p lic a te d  
b o u n d a ry  c o n to u r s .  When f i n i t e  d i f f e r e n c e  m ethods a re  u sed  a la rg e  
number o f  e x t r a  nodes a r e  g e n e ra te d .
When s c a l a r  p o t e n t i a l  i s  th e  unknown q u a n t i ty  th e r e  may be  a lo s s  o f  
a c c u ra c y  i n  h ig h ly  p erm eab le  r e g i o n s T h i s  i s  due to  c a n c e l l a t i o n  
b e tw een  th e  f i e l d  due to  th e  c o n d u c to rs  and t h a t  due to  th e  s c a l a r  
p o t e n t i a l s .  I t  h as  b een  s h o w n t h a t  t h i s  p rob lem  can  b e  av o id ed  
by  u s in g  two s e p a r a te  r e g io n s .  One o f  th e  r e g io n s  c o n ta in s  th e  h ig h  
p e r m e a b i l i ty  m a te r i a l  o n ly .  The o th e r  r e g io n  h a s  a r e l a t i v e  p e r m e a b i l i ty  
o f  v a lu e  1 and c o n ta in s  th e  c o n d u c to r s .
I n  th e  fo llo w in g  C h a p te r ,  th e  e q u a t io n s  r e q u i r e d  f o r  a n u m e ric a l 
c o m p u ta tio n  o f  th e  m a g n e tic  f i e l d  w i th in  a  hom opolar l i n e a r  synchronous 
m achine a r e  d e r iv e d .  The d i s t r i b u t i o n  o f  th e  f i e l d  in  th r e e  d im ensions 
i s  c o n s id e re d  and th e  n o n - l i n e a r i t y  o f  th e  i r o n  p a r t s  i s  in c lu d e d .  The 
r e s u l t i n g  s e t  o f  l i n e a r  s im u lta n e o u s  e q u a t io n s  a re  so lv e d  u s in g  th e  
s u c c e s s iv e  o v e r - r e l a x a t i o n  te c h n iq u e .
I n  C h a p te r  3 th e  in d u c ta n c e s  o f  th e  m achine a r e  found by  a  f lu x  
l in k a g e  m ethod u s in g  th e  f l u x  d e n s i t i e s  com puted in  C h ap te r 2 . S im ple 
fo rm u la e , ig n o r in g  i r o n  r e lu c t a n c e ,  a r e  a l s o  d e r iv e d .  These a r e  used  
to  check  th e  in d u c ta n c e  o b ta in e d  from  th e  3D f i e l d  c a l c u l a t i o n .  The 
in d u c ta n c e  fo rm u lae  can  a l s o  be  u sed  f o r  p ro d u c in g  f i r s t  d e s ig n s  f o r  a 
hom opolar m ach in e . I n  C h a p te r  4 , v a r io u s  m ethods f o r  c a l c u l a t i n g  th e  
f o r c e s  a c t in g  be tw een  th e  s t a t o r  and r o to r  o f  th e  hom opolar LSM a r e
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g iv e n , and th e  f lu x  d e n s i t i e s  from  C h ap te r 2 a r e  a l s o  u sed  i n  t h i s  
c a l c u l a t i o n .  The c a l c u l a t e d  v a lu e s  o f  C h a p te rs  3 and 4 a r e  com pared 
w ith  th o s e  o b ta in e d  from  e x p e r im e n ta l w ork in  C h ap te r 5 to  d o n firm  th e  
v a l i d i t y  o f  th e  n u m e ric a l m ethod .
C h a p te r  6 g iv e s  a co m parison  betw een  h e t e r o p o l a r a n d  hom opolar 
m a ch in es . T h is  was p e rfo rm ed  on an e x p e r im e n ta l  b a s i s  and was d e s c r ib e d  
a t  a r e c e n t  I n s t i t u t i o n  o f E l e c t r i c a l  E n g in e e rs  C o llo q u iu m ^ ^ '^ ^ ^ . P a r t  
o f t h i s  work r e g a rd in g  th e  c a l c u l a t i o n  o f  3 -d im e n s io n a l f i e l d  s o lu t io n s  
was a l s o  d e s c r ib e d  a t  an  lEE C o llo q u iu m ^ ^ '^ ^ ^ .
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CHAPTER TWO
T hree D im en sio n a l M a g n e to s ta t ic  F lu x  C a lc u la t io n s  
f o r  a Hom opolar L in e a r  Synchronous M achine 
In c lu d in g  I r o n  N o n l in e a r i t i e s
16
2 .1  I n t r o d u c t io n
The b a s i c  e q u a t io n s  o f m a g n e to s ta t ic s  a r e  o b ta in e d  from  M ax w ell's  
( 2 . 1)e q u a t io n s
c u r l  H = J  2 .1 .1
d lv  B = 0 2 .1 .2
T hese e q u a t io n s  a r e  co n n ec ted  b y  th e  c o n s t i t u t i v e  r e l a t i o n  
B = yH 2 .1 .3
w here y i s  a  n o n - l i n e a r  f u n c t io n  o f  th e  f i e l d  i n t e n s i t y  H in  perm eab le
(2 .2 )m a t e r i a l s .  In  th e  m a g n e to s ta t ic  p ro b lem , H h a s  th r e e  com ponents * ,
and th e  p a ra m e te r  y can  be  found to  b e
y = y ( |H |)
w i th  2 .1 .4
| h 1 = / h^ +' ‘ X y  z
w here | e | i s  an a b s o lu te  v a lu e  o f  th e  f i e l d  i n t e n s i t y ,  and H^, and
r e p r e s e n t  th e  mean v a lu e  o f  H. i n  th e  d i r e c t i o n s  x ,  y  and z r e s p e c t iv e l y  
when C a r te s ia n  c o - o r d in a te s  a r e  u se d . In  two d im e n s io n a l p rob lem s 
w i l l  b e  z e ro  when th e  n e tw o rk  e x i s t s  i n  th e  x -y  p la n e .  The c a l c u l a t i o n  
o f  | h | w i l l  be  d e s c r ib e d  in  more d e t a i l  in  s e c t i o n  2 .5 .
2 .2  D e r iv a t io n  o f  N etw ork E lem ent
The m a g n e tic  medium o f  a  th r e e  d im e n s io n a l p ro b lem  can  b e  re p la c e d  
by a s e t  o f  r e c t a n g u la r  b r i c k  e le m e n ts .  Each b r i c k  i s  co n n e c te d  to  i t s  
s i x  im m ed ia te  n e ig h b o u rs  by  s h a r in g  a  common f a c e .
A ty p i c a l  b r i c k  e lem en t i s  shown in  F i g . 2 .2 .1 .  The m a te r ia l  w i th in  
th e  e lem en t i s  assum ed to  b e  i s o t r o p i c  and i t s  p e r m e a b i l i ty  (y) i s  a 























A com ponent o f  f lu x  d e n s i ty  i s  a s s o c ia te d  w ith . each, o f  th e  e lem en t 
e d g e s . T here a r e  fo u r  edge e le m e n ts  in  a b r i c k  in  eac h  o f  th r e e  d i r e c t i o n s  
I n  o r d e r  to  a s s ig n  a  f lu x  to  e ac h  o f  th e  12 e d g e s , i t  i s  n e c e s s a ry  to  
c o n s id e r  th e  g e o m e tr ic  p r o p e r t i e s  o f  th e  e le m e n t. The b r i c k  e lem en t 1 -8  
i s  d iv id e d  i n t o  fo u r  s m a l le r  b r i c k  e lem en ts  in  th e  z - d i r e c t i o n  as
l - a ^ - b ^ - e ^ - 2 - a 2 ”b2“ e2 shown in  F i g . 2 .2 .1 .  The edges b^e^  and bgCg i n t e r ­
s e c t  th e  s u r f a c e  1 -2 -3 -4  n o rm a lly  and l ik e w is e  th e  ed g es  b ^a^  and bga^  
i n t e r s e c t  th e  s u r f a c e  1 -2 -5 -6  n o rm a lly . The a re a s  A a re  r e c t a n g u la r  
s u r f a c e s  and i n t e r s e c t e d  n o rm a lly  by  edge 1 -2 .
P r a c t i c a l  m a g n e tic  f i e l d  p rob lem s u s u a l ly  in v o lv e  c u r r e n t  so u rc e s  
so  t h a t  th e  t o t a l  f i e l d  H can be e x p re s se d  as th e  sum o f  th e  f i e l d  f o r  
s o u rc e s  and th e  f i e l d  from  th e  m a g n e tiz a tio n  H ^(2 .2 ) fo llo w in g
r e l a t i o n  can  b e  w r i t t e n
H = H + E 2 .2 .1m s
ta k in g  th e  c u r l  on b o th  s id e s  o f  t h i s  e q u a t io n  g iv e s
c u r l  H = c u r l  H + c u r l  E 2 .2 .2m s
C2.3)b u t  in  a  c u r r e n t  f r e e  r e g io n
c u r l  E = 0 2 .2 .3m
T h is  e q u a t io n  a llo w s  th e  in t r o d u c t io n  o f a p o t e n t i a l  f u n c t io n  V and
t h a t  E i s  i t s  g r a d ie n t  i . e . :  m
E = -  VV 2 .2 .4m
From e q u a t io n s  2 .1 .1 ,  2 .2 .2  and 2 .2 .3
c u r l  E = J  2 .2 .5s
and s u b s t i t u t i n g  f o r  E from  e q u a t io n  2 .2 .1  i n  th e  c o n s t i t u t i v e  e q u a t io n
2 .1 .3  g iv e s
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B = y(Rg + = ]iR 2 .2 .6
I n  o rd e r  to  i l l u s t r a t e  th e  developm ent o f  th e  b ra n c h  r e l a t i o n s  th e  edge 
be tw een  nodes 1 and 2 i n  F i g . 2 .2 .1  w i l l  b e  c o n s id e re d .  I t  i s  assum ed 
t h a t  th e  com ponents o f  th e  B and E  v e c to r s  a re  p a r a l l e l  to  edge 1 -2 , 
a r e  c o n s ta n t  o v er a re a  A and a re  a l s o  c o n s ta n t  betw een  p o in t s  1 and 2 . 
The f i e l d  com ponents w i th in  th e  r e g io n  l-a ^ -b ^ -e ^ -2 -a 2 ~ b 2 " e 2  a re  th o s e  
a s s o c ia te d  w i th  edge 1 -2 . Thus th e  f lu x  th ro u g h  a r e a  A w i l l  be
(j),_ = BA = PACE + E  ) 2 .2 .7iz  s  m
I f  e q u a t io n  2 .2 .5  h o ld s  tlien  th e  l i n e  i n t e g r a l  o f  E^ be tw een  two p o in t s
1 and 2 may b e  w r i t t e n
r ^ E d& = E 2 . _ = + m-« 2 .2 .8J ^ s  s Xte
The s ig n  o f  m^ 2 depends on th e  o r i e n t a t i o n  o f  b ra n c h  1 -2  and t h i s  p o in t  
w i l l  b e  d is c u s s e d  f u r t h e r  in  s e c t io n  2 .6 .3 .  The m agn itude  o f  th e  mmf 
so u rc e  m^ 2 i-S e q u a l to  th e  amount o f  c u r r e n t  c i r c u l a t i n g  around  edge 1-2 ,
The l i n e  i n t e g r a l  o f  e q u a t io n  2 .2 .3  betw een  p o in t s  1 and 2 d e f in e s  
th e  p o t e n t i a l  d i f f e r e n c e  betw een  th e s e  n o d e s , i . e .
2
E d2 — E ~ ^19 2 .2 .9^ m m 12 12
w here V^2 th e  p o t e n t i a l  d i f f e r e n c e  e x i s t i n g  betw een  th e  p o in t s  1 and
2 i . e .  :
V^2 ” ? !  -  ^2 2 .2 .1 0
S u b s t i t u t in g  E^ and E^ from  e q u a t io n s  2 .2 .8  and 2 .2 .9  r e s p e c t iv e l y  in to  
e q u a t io n  2 .2 .7  g iv e s
*^ 12 "  ™12 ^12^ 2 .2 .1 1
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I n  t h i s  e q u a t io n  th e  q u a n t i ty  yA/£^2  r e p r e s e n t s  th e  perm eance t h a t  adm its  
th e  flow  o f  f lu x  th ro u g h  a r e a  A i n  F ig .  2 . 2 .1 ,  i . e .
p =
"12 ^22
When t h i s  i s  s u b s t i t u t e d  i n  e q u a t io n  2 .2 .1 1 ,  th e  r e s u l t  i s
^12 ^12 “ 12 ^12  ^ 2 . 2.12
I t  i s  c o n v e n ie n t to  r e p r e s e n t  t h i s  e q u a t io n  by  means o f  an e q u iv a le n t  
c i r c u i t  as shown i n  F ig .  2 . 2 .2 .  T h is  c i r c u i t  in  f a c t  r e p r e s e n t s  th e  
b ra n c h  e x i s t i n g  be tw een  p o in t s  1 and 2. The p ro c e d u re  d e s c r ib e d  in  t h i s  
s e c t i o n  i s  r e p e a te d  a t  e a c h  o f  th e  e lem en t e d g e s .
2 .3  Com plete M agnetic  F ie ld  Model
In  th e  p re v io u s  s e c t i o n  th e  co m p le te  m a g n e tic  f i e l d  was re p la c e d  
by a s e t  o f  r e c t a n g u la r  b r i c k  e le m e n ts  su c h  as  t h a t  shown in  F ig .  2 .2 .1 .
E ach  edge o f  e a c h  e lem en t c o n s i s t s  o f  an e q u iv a le n t  c i r c u i t  o f  th e  ty p e
shown in  F ig .  2 .2 .2 .  In  th e  co m p le te  m odel, th e r e  w i l l  be a  number o f  
c i r c u i t  b ra n c h e s  co n n ec ted  in  p a r a l l e l  a lo n g  eac h  e lem en t ed g e . The 
p e r m e a b i l i ty  o f  th e  m a te r ia l  c o n ta in e d  w i th in  e a c h  b r i c k  need  n o t 
n e c e s s a r i l y  b e  th e  same as t h a t  in  an a d ja c e n t  e le m e n t. B oundary 
c o n d i t io n s  can th e r e f o r e  be  im posed a t  th e  i n t e r f a c e s  be tw een  e le m e n ts .
The c u r l  e q u a t io n s  2 .1 .1 ,  2 .2 .3  and 2 .2 .5  a re  e q u iv a le n t  to  th e  
fo llo w in g  l i n e  i n t e g r a l s :
^ Hd& = I  2 .3 .1
L
£ R dZ = 0 2 .3 .2
L *
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w here L  i s  a c lo s e d  p a th  t r a c e d  a lo n g  edges o f  th e  co m p le te  m a g n e tic  
f i e l d  m odel. E q u a tio n  2 .3 .2  i n d i c a t e s  t h a t  th e  sum o f  p o t e n t i a l  
d i f f e r e n c e s  a lo n g  a l l  th e  edges w hich  form  th e  c lo se d  p a th  i s  z e ro .
Thus th e  in t e r c o n n e c t io n  o f e q u iv a le n t  c i r c u i t s  l i k e  t h a t  i n  F ig .  2 .2 .2  
in  a c lo s e d  p a th  i s  j u s t i f i e d  i f  th e  p o t e n t i a l  chosen  to  be th e
b ra n c h  p o t e n t i a l  d i f f e r e n c e .  E q u a tio n  2 .3 .3  i n d i c a t e s  t h a t  th e  sum o f  
so u rc e  p o t e n t i a l  d i f f e r e n c e s  o v e r a l l  edges w h ich  form  th e  c lo se d  p a th  
w i l l  b e  e q u a l to  th e  e n c lo se d  c u r r e n t .  In  t h i s  ca se  th e  in t e r - c o n n e c t io n  
o f e q u iv a le n t  c i r c u i t  s u c h  a s  in  F ig .  2 .2 .2  i n  a c lo s e d  p a th  i s  
j u s t i f i e d  i f  m^^ chosen  to  be a so u rc e  q u a n t i ty  f o r  th e  b ra n c h .
The d iv e rg e n c e  e q u a t io n  2 .1 .2  i s  e q u iv a le n t  to  th e  fo llo w in g  
s u r f a c e  i n t e g r a l
(( B dS = 0 2 .3 .4
s "
w here B^ i s  th e  f lu x  d e n s i ty  norm al to  a c lo s e d  s u r f a c e  S
su rro u n d in g  e ac h  node o r  v e r t e x  o f  th e  com p le te  d i s c r e t i z a t i o n  o f  th e  
m ag n e tic  f i e l d .  A s u r f a c e  s u c h  as B i s  form ed by  a number o f  a r e a s  
each  a s  A i n  F ig .  2 .2 .1 .  The f lu x  th ro u g h  th e  a re a s  A i s  th e  b ran ch  
f lu x  so  t h a t  th e  in t e r - c o n n e c t io n  o f  e q u iv a le n t  c i r c u i t s  su c h  as  in  
F ig . 2 .2 .2  a t  any  node o r  v e r t e x  i s  j u s t i f i e d  i f  th e  f lu x  chosen
to  b e  th e  b ra n c h  f lu x .
2 .4  Method o f  S o lu t io n  o f  th e  N etw ork Model
The s o lu t i o n  o f  th e  n e tw o rk  model f o r  b o th  two and th r e e  d im e n s io n a l 
p rob lem s i s  b a sed  on e q u a t io n  2 .3 .4 .  T h is  can  b e  w r i t t e n  f o r  any node 
J  a s :
“ b
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w h ere  N, i s  a number o f  b ra n c h e s  w h ich  a r e  co n n ec ted  to  node J .D
S u b s t i t u t i n g  f o r  th e  f lu x  (j)_ from  e q u a t io n  2 .2 .1 2  in to  e q u a t io n  2 .4 .1  
g iv e s :
I  / J K  = ^ / j K  " V  = °  2 .4 .2K=1 K=1
From e q u a t io n s  2 .2 .1 0  and 2 .4 .2  th e  fo llo w in g  n o d a l e q u a t io n  can be  
o b ta in e d :
^  ^JK “ jK  °  2 .4 .3
2 .5  S o lu t io n  o f  N o n lin e a r  P roblem
I n  th e  n e tw o rk  m odel d e s c r ib e d  in  s e c t io n s  2 .2 - 2 .4  l i n e a r  b e h a v io u r  
h a s  b een  assum ed. T h is  means t h a t  th e r e  i s  no change in  p e r m e a b i l i ty  
w i th  f i e l d  s t r e n g t h .  The fo rm u la tio n  i s ,  h ow ever, v a l id  f o r  th e  g e n e ra l  
non l i n e a r  c a s e .  The g o v e rn in g  e q u a t io n s  2 .4 .3  a r e  v a l i d  f o r  v a r i a t i o n  
o f  p e r m e a b i l i ty  b u t  an  i t e r a t i v e  s o lu t i o n  i s  now n e c e s s a r y .  The s o lu t i o n  
m ethod i s  e x p la in e d  in  th e  fo llo w in g  s u b s e c t io n s :
a) A l i n e a r  s o lu t io n  u s in g  e s t im a te d  s t a r t i n g  v a lu e s  o f  y and node 
p o t e n t i a l s  i s  perfo rm ed  to  c a l c u l a t e  th e  p o t e n t i a l s  a t  a l l  nodes in  th e  
n e tw o rk  m odel. The m ethod u sed  i s  t h a t  o f s u c c e s s iv e  o v e r  r e l a x a t i o n .  
T hroughout e a c h  S .O .R . i t e r a t i o n ,  p o t e n t i a l s  a r e  in c r e a s e d  to  g iv e  ze ro  
f l u x  i n t o  a  n o d e . As eac h  node p o t e n t i a l  i s  r e s e t  i t  o b v io u s ly  u p s e ts  
th e  node e q u a t io n s  f o r  th e  n e ig h b o u rin g  n o d e s . To a c c e l e r a t e  th e  con­
v e rg e n c e  o f  th e  i t e r a t i o n  th e  node p o t e n t i a l s  a r e  n o t  u p d a te d  to  a v a lu e  
w h ich  s a t i s f i e s  th e  node e q u a t io n  2 .4 .3 ,  b u t  in s t e a d  th e  r e q u ir e d  change 
i s  o v e r - c o r r e c te d  by a f a c t o r  "ALPHA" i . e .  th e  new node p o t e n t i a l  
becom es :
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+ ALPHA X change 2 .5 .1
w here  n i s  th e  i t e r a t i o n  num ber. The v a lu e  o f  a c c e l e r a t i n g  f a c t o r  
ALPHA depends on th e  n a tu re  o f  p rob lem  to  be  s o lv e d . The m ethod i s  
a lw ays c o n v e rg e n t f o r  ALPHA = 1 , i . e .  no o v e r  r e l a x a t i o n ,  and a lw ays 
d iv e rg e n t  f o r  ALPHA = 2 . B e s t co nvergence  i s  o b ta in e d  f o r  some v a lu e  
b e tw een  th e s e  two l i m i t s ,  i . e .
1 .0  < ALPHA < 2 . 0
b) When co nvergence  o f  th e  S .O .R . s o lu t i o n  h a s  b een  o b ta in e d ,  th e  
p o t e n t i a l s  a r e  u sed  to  a d j u s t  th e  e lem en t p e r m e a b i l i ty  u s in g  e q u a t io n  
2 .1 .4 .  T h is  i s  done by  f i r s t  c a l c u l a t i n g  th e  f i e l d  s t r e n g t h  a lo n g  th e  
ed g es  o f  e a c h  e le m e n t. For exam ple be tw een  nodes 1 and 2 in  F ig .  2 .2 .1  
th e  f i e l d  s t r e n g t h  w i l l  b e
®12 ^ ^12
Hi 2 = ----- --- 2 .5 .2
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S in ce  th e  e lem en t i s  r e c ta n g u la r  a s e t  o f  f o u r  edges w i l l  b e  p a r a l l e l  
to  e a c h  c o o rd in a te  d i r e c t i o n .  The f i e l d  s t r e n g t h  in  t h i s  d i r e c t i o n  
i s  ta k e n  to  be th e  mean v a lu e  o f th e  fo u r  edge f i e l d  s t r e n g t h  v a lu e s .
I n  o rd e r  to  i l l u s t r a t e  th e  c a l c u l a t i o n  o f  H, e q u a t io n  2 .5 .2  w i l l  
be e v a lu a te d  a t  e a c h  o f  th e  e lem en ts  shown in  F ig .  2 .2 .1 .
For d i r e c t i o n  x
„  .  “ 51 + ^51 ^  _ “ 62 + ^62
S ix  62x
= "^3 * ^73 „  ^ “ 84 * ^84
73x JI-, 84x73 84
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H S i x  ^73x  ^62x ^84xX 4
F or d i r e c t i o n  y
H = " iS  "  ^13 .  °*24 " ^24
‘I 3y S.^3 24y
= °‘S7 ^57 ,  “ 68 * ^68
57y  -  £5^ *^68y ’  £gg
+ H . ,  +
H
y
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The a b s o lu te  v a lu e  o f  H i s  th e n  c a l c u la te d  u s in g  e q u a t io n  2 .1 .4 .
An e x p e r im e n ta l ly  o b ta in e d  B-H. cu rv e  i s  u sed  to  c a l c u l a t e  th e  p e r m e a b i l i ty
y f o r  a  g iv e n  H i n  e a c h  b r i c k  e le m e n t. The cu rv e  i s  r e p re s e n te d  by  a
number o f  s t r a i g h t - l i n e  segm ents jo i n in g  e ac h  o f  th e  m easured  B and H
v a lu e s .  When th e  p a r t i c u l a r  segm ent c o r re sp o n d in g  to  th e  known | h |
(2 .4 )
v a lu e  h a s  been  lo c a te d  th e  f lu x  d e n s i ty  i s  c a l c u la t e d  u s in g
1 b | = B j + ^  C|h | -  H j) 2 .5 .3
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w here
■ B j+ l -
and  J  i s  a p o in t  o f  B-H c u rv e . The new v a lu e  o f  e lem en t p e r m e a b i l i ty  
i s  th e n  c a l c u la te d  u s in g  e q u a t io n s  2 .1 .3  and 2 .5 .3 ,  i . e .
B j + C |h |  -  
^ ^
c) The node p o t e n t i a l s  o b ta in e d  from  s te p  (a ) and th e  b ra n c h  
perm eances c a lc u la t e d  from  s te p  (b) a r e  u sed  as s t a r t i n g  v a lu e s  f o r  
s te p  ( a ) .  A f te r  th e  l i n e a r  s o lu t i o n  co n v erg es  th e  new node p o t e n t i a l s  
a r e  a g a in  used  in  s te p  (b) to  c a l c u l a t e  new p erm ean ces . T h is  p ro c e d u re  
i s  r e p e a te d  u n t i l  th e  n o n l in e a r  s o lu t io n  c o n v e rg e s .
d) When co n v erg en ce  h as  b een  o b ta in e d  th e  node p o t e n t i a l s  and 
b ra n c h  perm eances a r e  u sed  to  c a l c u l a t e  th e  b ra n c h  f lu x e s .  F lu x  d e n s i t i e s  
a re  c a l c u la t e d  u s in g  e q u a t io n  2 .2 .1 2  w ith  a p p r o p r ia te  a r e a s .
2 .6  P ro c e d u re  f o r  S e t t in g  up th e  Netw ork Model in  a P r a c t i c a l  P roblem
2 .6 .1  S u b d iv is io n  o f  r e g io n  to  b e  m o delled
I t  i s  f i r s t  n e c e s s a ry  to  l e t  th e  m ag n e tic  f i e l d  r e g io n  b e  su b d iv id e d
in t o  r e c t a n g u la r  b r i c k  e le m e n ts  e n s u r in g  o n ly  t h a t  a l l  a i r - i r o n  i n t e r ­
fa c e s  c o in c id e  w i th  e lem en t f a c e s .  S u b d iv is io n  th ro u g h o u t a r e g io n  
depends on th e  r a t e  o f  change o f th e  f i e l d  e x p e c te d  a t  e ac h  p o in t .
I f  t h i s  i s  h ig h  th e n  many s m a ll e lem en ts  m ust b e  u se d . F o llo w in g  sub­
d i v i s i o n ,  th e  e lem en ts  a r e  re p la c e d  by t h e i r  e q u iv a le n t  c i r c u i t  m odels 
as  d e s c r ib e d  in  s e c t io n s  2 .2  and 2 .3 .  I t  i s  n e c e s s a ry  to  s e t  an  e x t e r i o r
boun d ary  round  th e  r e g io n  o f i n t e r e s t  to  l i m i t  th e  e x t e n t  o f th e  m ag n e tic
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s u b d iv is io n .  The e x t e r i o r  b o u n d ary  n o rm a lly  ta k e s  th e  form  o f  a f lu x  
p la n e  o r  an e q u i p o te n t i a l  s u r f a c e  and sh o u ld  be f a r  enough away so  as n o t 
to  be s i g n i f i c a n t  in  th e  s o l u t i o n .  In  th e  n e tw o rk  m odel, p la n e s  a r e  
r e p r e s e n te d  b y  open c i r c u i t s  and e q u i p o te n t i a l  s u r f a c e  by s h o r t  c i r c u i t s .  
P la n e s  o f p o s i t i v e  o r  n e g a t iv e  symmetry a r e  t r e a t e d  a s  e x t e r n a l  b o u n d a r ie s  
i n  th e  m anner j u s t  d e s c r ib e d .
The n e x t  s te p  i s  to  g iv e  a number to  a l l  b ra n c h e s  and nodes o f 
th e  ne tw ork  model u s in g  an  a r b i t r a r y  num bering schem e. An a r b i t r a r y  
p o s i t i v e  d i r e c t i o n  i s  g iv e n  to  th e  f lo w  i n  a l l  b ra n c h e s . T h is  d e f in e s  
a s t a r t  and f i n i s h  node f o r  e a c h  b ra n c h  w ith  th e  p o s i t i v e  f lo w  from  th e  
s t a r t  node to  th e  f i n i s h  n o d e . T hree a r b i t r a r y  num bers a r e  g iv e n  to  
a l l  b ra n c h e s  i n  th r e e  d im e n s io n a l n e tw ork  model d ep en d in g  on w h e th e r 
th e  b ra n c h  l i e s  in  th e  x , y  o r  z d i r e c t i o n .  A lso  an a r b i t r a r y  datum  
node number i s  s p e c i f i e d  in  th e  n e tw o rk  m odel. I t  i s  p r e f e r a b l e  to  
make t h i s  datum  node th e  one to  w h ich  m ost b ra n c h e s  a r e  c o n n e c te d .
F in a l ly ,  a l l  e lem en ts  a r e  g iv e n  a num ber. T h is  i s  u sed  to  d i s t i n g u i s h  
w h e th e r th e y  c o n ta in  i r o n  o r  a i r .
A ll  known s o u rc e s  in  th e  f i e l d ,  su ch  as  w in d in g  c u r r e n t s ,  a r e
tra n s fo rm e d  in to  known b ra n c h  s o u rc e s .  F or a m a g n e tic  f i e l d  in  w h ich
th e  c u r r e n t s  a r e  s p e c i f i e d  th e  norm al m ethod o f  m aking th e  t r a n s fo rm a t io n
(2 .5 )
i s  to  u se  th e  t e a r in g  p r i n c i p l e  * . T h is  i s  u sed  to  r e l a t e  th e  b ra n c h
mmf s o u rc e s  to  th e  c u r r e n t  t h a t  c i r c u l a t e s  a round  th e  b ra n c h . I f  t h i s  
c u r r e n t  te n d s  to  in d u c e  p o s i t i v e  f lu x  i n  th e  b ra n c h , th e  s ig n  o f th e  mmf 
g e n e ra to r  i s  p o s i t i v e .  I f  n e g a t iv e  f lu x  i s  in d u c e d , th e  s ig n  o f  mmf 
sh o u ld  b e  n e g a t iv e .
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2 .6 .2  C ho ice  o f th e  s e t  o f  in d e p e n d e n t v o l ta g e  v a r i a b le s
The n e x t s te p  a f t e r  th e  e q u iv a le n t  c i r c u i t  model h a s  b e e n  form ed 
an d  numbered i s  to  choose an  a p p r o p r ia te  s e t  o f  in d e p e n d e n t v o l t a g e  
v a r i a b l e s  f o r  th e  n e tw o rk  to  b e  s o lv e d . T h is  i s  in  f a c t  th e  n o d e - to -  
datum  s e t  o f  v o l ta g e  v a r i a b l e s .  The p ro c e d u re  i s  to  choose  th e  p o t e n t i a l  
o f  one node ( th e  datum  node) a s  a r e f e r e n c e  and d e s ig n a te  a s  v a r i a b l e s  
t h e  p o t e n t i a l s  o f  th e  re m a in in g  nodes w i th  r e s p e c t  to  t h i s  r e f e r e n c e .
A com puter program  i s  used  to  s e t  up a  l i s t  o f  a l l  node num bers in  
r e l a x a t i o n  o r d e r ,  and a l s o  to  s e t  up a  l i s t  o f  b ra n c h e s  c o n n e c te d  to  
e a c h  n ode .
2 .6 .3  C ho ice  o f  s ig n  f o r  b ra n c h e s  c o n n e c te d  to  e a c h  node
When th e  b ra n c h e s  co n n e c te d  to  e a c h  node in  th e  e q u iv a le n t  c i r c u i t  
a r e  d e f in e d ,  th e  n e x t  s te p  i s  to  choose  th e  s ig n  f o r  e a c h  o f  them . T h is  
i s  done by  ta k in g  e a c h  node o f  th e  n e tw o rk  to  b e  a datum  node f o r  a l l  
b ra n c h e s  co n n ec ted  to  i t .  E ach  o f  th e s e  b ra n c h e s  w i l l  be te rm in a te d  
a t  a p a r t i c u l a r  node su ch  a s  K. The b ra n c h  s ig n  i s  s e t  a s  +1 i f  node K 
r e p r e s e n t s  a s t a r t  p o i n t ,  o r  a s  -1  i f  K i s  th e  f i n i s h  node o f  t h i s  
b ra n c h .  The same p ro c e d u re  i s  p e rfo rm ed  f o r  a l l  th e  b ra n c h e s  c o n n e c te d  
to  e a c h  n o d e . A ll  th e  s ig n s  to g e th e r  w ith  th e  node number CK) a re  th e n  
s to r e d  in  a l in k e d  l i s t  fo rm .
2 .6 .4  C o n s tru c t io n  o f th e  NCOM m a tr ix
To e v a lu a te  th e  p e r m e a b i l i t i e s  from  e q u a t io n s  2 .1 .4  and 2 .5 .2 ,  and th e n  
th e  perm eances f o r  a l l  b ra n c h e s ,  i t  i s  n e c e s s a ry  to  l i s t  a l l  th e  b ra n c h e s  
in  e a c h  b r i c k  e lem en t c o n ta in in g  m a g n e tic  m a te r i a l  and a l s o  a l l  t h e i r  
d i r e c t i o n s .  T h is  i s  done b y  s e a rc h in g  th e  in p u t  d a ta  o f  th e  n e tw o rk  
m odel u s in g  a com puter p rogram . The b ra n c h  and m a g n e tic  m a te r i a l  d a ta  
a re  s to r e d  i n  a m a tr ix  (NCOM). A number i s  g iv e n  to  a l l  b ra n c h e s  to
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d e f in e  w h e th e r th e  b ra n c h  i s  in  th e  x , y  o r  z d i r e c t i o n .  The m a tr ix
NCOM i s  a r ra n g e d  to  have colum ns c o r re s p o n d in g  to  th e  t o t a l  number o f
b ra n c h e s  and rows c o r re s p o n d in g  to  a l l  e le m e n ts  c o n ta in in g  m a g n e tic
m a te r i a l .  The f i r s t  number o f  e a c h  row o f  m a tr ix  NCOM i s  a number o f
a c e r t a i n  b r i c k  e le m e n t, and th e  re m a in in g  num bers o f  t h i s  row  r e p r e s e n t
X , y  and z com ponents o f  f i e l d  i n t e n s i t y  H f o r  t h i s  e le m e n t. The
a v e ra g e  v a lu e  o f  H , H and H f o r  each  b r i c k  e lem en t i s  d e te rm in e d  * X* y  z
u s in g  e q u a t io n  2 .5 .2  w i th  th e  a id  o f  m a tr ix  NCOM, and th e  a b s o lu te  
v a lu e  o f  H i s  th e n  found  from  e q u a t io n  2 .1 .4 .
Once th e  f i e l d  i n t e n s i t y  H and th e  p e r m e a b i l i ty  y hav e  b een  found  
fo r  e a c h  b r i c k  e le m e n t, th e  n e x t s te p  i s  to  c a l c u l a t e  a  b ra n c h  perm eance 
fo r  a l l  b ra n c h e s  o f  th e  n e tw o rk  m odel. T hese perm eances a r e  u sed  in  
node e q u a t io n  2 .4 .3  f o r  e a c h  s te p  o f  th e  n o n l in e a r  i t e r a t i o n  w h ich  i s  
d is c u s s e d  i n  s e c t i o n  2 .5  o f  t h i s  c h a p te r .
2 .7  N o n lin e a r  T hree D im en sio n a l M ag n e tic  F ie ld  S o lu t io n  f o r  a 
Homopolar L in e a r  Synchronous M achine (LSM)
2 .7 .1  I n t r o d u c t io n
To d e m o n s tra te  th e  v a l i d i t y  o f  th e  ne tw ork  f i e l d  model d e s c r ib e d
in  p re v io u s  s e c t i o n s ,  th e  programme TESTF was w r i t t e n  to  f in d  th e
m a g n e tic  in d u c t io n  i n  a hom opolar l i n e a r  sy nch ronous m ach ine . T h is  LSM
is  a  new form  o f  i r o n - c o r e d  l i n e a r  synchronous m achine w hich  h as  b een
C2 6 ')d e s c r ib e d  by E astham  * I t  i s  d e s c r ib e d  in  d e t a i l  i n  C h a p te r  1 .
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The c a l c u la te d  f lu x  d e n s i ty  w i th in  th e  LSM i s  com pared w ith  m easured  
v a l u e s .  A ir -g a p  d e n s i t i e s  due to  f i e l d  and a rm a tu re  in  b o th  th e  d - a x is  
and  q - a x is  a r e  o b ta in e d .  T hese f lu x e s  a r e  u sed  i n  th e  n e x t  c h a p te r s  
f o r  th e  p r e d e te r m in a t io n  o f  th e  LSM p erfo rm a n ce  c h a r a c t e r i s t i c s .
2 .7 .2  A ssum ptions
The a n a l y s i s  i s  t r e a t e d  a s  a m a g n e to s ta t ic  non l i n e a r  th r e e  
d im e n s io n a l p ro b lem . S im p lify in g  a ssu m p tio n s  a r e  n e c e s s a r y  in  o rd e r  to  
keep  th e  s to r a g e  and tim e  a s  sm a ll a s  p o s s i b le  b u t  m a in ta in  a c c e p ta b le  
a c c u ra c y . T hese a ssu m p tio n s  a re  as  fo l lo w s :
1 . The a n a ly s i s  i s  c o n f in e d  to  a  p a r t  o f  th e  LSM w h ich  i s  
sy m m e trica l and p e r io d i c .  The p la n e  o f symmetry i s  shown in
F ig .  2 . 7 .1 ( a ) .  The p e r io d i c  le n g th  i s  cho sen  a s  two p o l e - p i t c h e s .
2 . The c u r v a tu r e  o f  th e  m achine i s  n o t  c o n s id e re d .  A lso  th e  c ro s s  
s e c t i o n  o f  th e  s l o t s  and th e  t e e t h  a r e  assum ed to  b e  r e c t a n g u la r .
3 . The s t a t o r  was c o n s tr u c te d  u s in g  g r a in - o r i e n te d  s t e e l  lam ina­
t i o n s .  In  th e  lim bs c a r r y in g  th e  ac w in d in g s  th e  m a jo r p a r t  o f  th e  f lu x  
p a th  i s  a t  90° to  th e  r o l l i n g  d i r e c t i o n .  In  th e  b r id g in g  lim b th e  f lu x  
p a s s e s  m a in ly  in  th e  d i r e c t i o n  o f  r o l l i n g .  The u se  o f  a  s e p a r a te  B/H 
cu rv e  f o r  each  o f  th e s e  p a r t s  i s  th e r e f o r e  n e c e s s a r y .  The m ag n e tic  
m a te r ia l  i n  b o th  s t a t o r  and r o t o r  i s  assum ed to  be i s o t r o p i c  and i t s  s a t ­
u r a t i o n  c u rv e  i s  s i n g l e  v a lu e d ; i . e .  h y s t e r e s i s  e f f e c t s  a re  n o t c o n s id e re d  
M a g n e tiz a tio n  c u rv e s  o f  th e  m a te r ia l s  o f  s t a t o r  a re  e s t a b l i s h e d  by 















































4 . The c u r r e n t  in  th e  ac  w in d in g  i s  assum ed to  be " f ro z e n " .
The a n a ly s i s  o f  th e  m ach ine , when th e  th r e e -p h a s e  w in d in g s  a re  e x c i te d  
w ith  a c ,  i s  c a r r i e d  o u t a t  th e  i n s t a n t  when th e  re d -p h a s e  i s  c a r ry in g  ze ro
c u r r e n t .  The end tu rn s  o f  th e  w in d in g s  a r e  r e p r e s e n te d  in  th e  m odel.
5 . T here  a r e  t r a n s i e n t  c u r r e n t s  in d u c e d  in  th e  r o t o r  p o le s  a s  
th e y  p a s s  u n d er th e  m ach ine . The e f f e c t  i s  ig n o re d  a l th o u g h  i t  co u ld  
be  a p p r e c ia b le  a t  h ig h  sp e e d s .
2 .7 .3  S u b -d iv is io n  o f th e  LSM re g io n  to  b e  m o d e lled
The c ro s s  s e c t io n s  o f  th e  l i n e a r  hom opolar sy n ch ro n o u s m achine a re
shown i n  F i g . 2 .7 .1 .  The m a g n e tic  f i e l d  r e g io n  o f  th e  LSM i s  su b d iv id e d  
in to  r e c t a n g u la r  b r i c k  e le m e n ts  s u c h  t h a t  a l l  i n t e r f a c e s  be tw een  d i f f e r e n t  
ty p e s  o f m a te r i a l  c o in c id e  w ith  f a c e s .  The s u b d iv is io n  o f  th e  c r o s s -  
s e c t i o n  i s  shown in  F i g . 2 .7 .2 .  To l i m i t  th e  e x te n t  o f  th e  s u b d iv is io n ,  
an e x t e r i o r  b o u n d ary  ta k in g  th e  form  o f a f l u x  p la n e  i s  u sed  f o r  a l l  s id e s  
e x c e p t th e  p la n e  o f  sym m etry. T h is  i s  r e p r e s e n te d  by  an e q u i p o te n t i a l  
p la n e .  A l l  b r i c k  e le m e n ts  in  th e  a i r  a r e  g iv e n  th e  number " 0 " , and th o s e  
in  th e  i r o n  r e g io n  d i f f e r e n t  a r b i t r a r y  num bers. The e le m e n ts  from  
number 1 to  8 a r e  th o s e  in  w h ich  th e  f lu x  i s  p a s s in g  p a r a l l e l  to  th e  
d i r e c t i o n  o f  r o l l i n g . I n  e le m e n ts  9 to  12 th e  f lu x  i s  p a s s in g  p e r p e n d ic u la r  
to  th e  d i r e c t i o n  o f  r o l l i n g .
In  two p o le s  o f  th e  LSM th e r e  a r e  tw e lv e  t e e t h  and tw e lv e  s l o t s .
In  o rd e r  to  m odel t h i s ,  tw e n ty  fo u r  z - c r o s s  s e c t io n s  a r e  u se d . The odd 
num bered s e c t i o n s  c o n ta in  th e  t e e t h ,  and th e  even  c o n ta in  th e  s l o t s .
For c r o s s - s e c t io n s  c o n ta in in g  t e e t h  th e  e le m e n ts  num bered 13, 14 , 15 and 
16 c o n ta in  i r o n  th ro u g h  w h ich  th e  f l u x  i s  p a s s in g  o u t 90° to  th e  r o l l i n g  
d i r e c t i o n .  When th e  c r o s s - s e c t io n  c o n ta in s  s l o t s  e le m e n ts  13 to  16 w i l l  





Fig 27 2 : Z.cross section of LSM 
(1st plane)
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In  t h e  d - a x i s  p o s i t i o n  th e  r o t o r  i r o n  a p p e a r s  i n  th e  9 th  to  1 6 th
2- c r o s s  s e c t i o n s .  I n  th e  q - a x i s  p o s i t i o n  t h e  r o t o r  i r o n  i s  i n  p la n e s  3 to  
1 0 . The n e tw o rk  n e e d  b e  s e t  up o n ly  o n ce  i f  t h e  a s s u m p tio n  i s  made t h a t  
t h e  r o to r  i r o n  e x i s t s  i n  a l l  z - c r o s s  s e c t i o n s .  The num ber "0 "  i s  th e n  
g iv e n  to  e le m e n ts  w h ic h  a r e  a c t u a l l y  a i r .  To e x p l a in  t h i s  p r o c e d u r e ,  
c o n s id e r  th e  r e c t a n g u l a r  r e g io n  shown i n  F i g .  2 . 7 . 3 .  T h is  r e g io n  i s  
s u b d iv id e d  i n t o  12 p a r t s .  A r b i t r a r y  num bers su c h  a s  1 , 2 , 3 , . . .  . , 1 1 ,  and  12 
a r e  g iv e n  to  i n d i c a t e  t h a t  t h e s e  e le m e n ts  c o n t a in  i r o n .  I n  s t a g e  (e )  
e le m e n ts  num bered  1 to  4 c o n t a in  i r o n .  The e le m e n ts  5 to  12 a r e  r e ­
num bered z e r o .  When th e  i r o n  p a r t s  a r e  moved to  t h e  r i g h t ,  a s  shown i n  
i n  s t a g e  (b ) o f  F ig .  2 . 7 . 3 ,  t h e  num bers 1 , 2 and 3 a r e  ch an g ed  to  "0 "  and  
t h r e e  o f  th e  e le m e n ts  w h ic h  w e re  p r e v i o u s l y  num bered  z e ro  a r e  now l a b e l l e d  
5 , 6 and 7 . T h is  p r o c e s s  i s  c o n t in u e d  i n  o r d e r  to  move th e  r o t o r  p ro ­
g r è s  s i v l y  to  t h e  r i g h t .
The num bers 17 to  20 i n  F i g . 2 . 7 . 2  i n d i c a t e  t h e  e le m e n ts  c o n ta in in g  
r o t o r  i r o n .  The num bers i n  s m a l l  c i t c l e s  a t  th e  to p  and r i g h t  o f  
F i g . 2 . 7 .2  i n d i c a t e  t h e  n u m b e rin g  o f  t h e  x - c r o s s  s e c t i o n s  and  th e  y - c r o s s  
s e c t i o n s .
The se c o n d  z - c r o s s  s e c t i o n  i s  t h e  same a s  t h e  f i r s t  e x c e p t  t h a t  th e  
e le m e n ts  num bered  13 to  16 w i l l  b e  re n u m b e re d  "0 "  b e c a u s e  t h e r e  i s  now 
a  s l o t  a s  shown i n  F i g . 2 . 7 . 4 .  I n  t h i s  f i g u r e  th e  e le m e n ts  num bered  21 to  
28 p a s s  f l u x  i n  th e  r o l l i n g  d i r e c t i o n  (0 ° )  . E le m e n ts  num bered  29 to  32 
i n d i c a t e  th o s e  - b r id e i .e l e m e n ts  i n  w h ic h  th e  f l u x  p a s s e s  a t  90° to  th e  
r o l l i n g  d i r e c t i o n .  E le m e n ts  num bered  33 to  36 a r e  th o s e  c o n t a in in g  r o t o r  
i r o n .  S im i la r  d e s c r i p t i o n s  a p p ly  f o r  a l l  t h e  z - c r o s s  s e c t i o n s  (num bered  
3 to  2 4 ) .
35
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Fig 27 4 : Z .cross section of LSM 
(2nd plane)
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The X and y  c ro s s  s e c t i o n s  a r e  s e t  up i n  a s im i la r  w ay. F i g . 2 .7 .5  
shows th e  2 7 th  x - c r o s s  s e c t i o n  and F i g . 2 .7 .6  shows th e  3 8 th  y - c r o s s  
s e c t i o n .
Once th e  b r i c k  e le m e n ts  h av e  b een  numbered th e  n e x t  s te p  i s  to  g iv e  
num bers to  a l l  th e  n o d e s . A ll  th e  edges o f th e  e le m e n ts  a r e  r e p la c e d  
b y  e q u iv a le n t  c i r c u i t s  w h ich  a r e  s im i l a r  to  t h a t  o f  F i g . 2 .2 .2 .  These 
c i r c u i t s  o r  b ra n c h e s  a r e  a l s o  num bered. The a r e a  o f  e a c h  b ra n c h  can  
e a s i l y  be c a l c u la te d  w i th  th e  a id  o f  c r o s s  s e c t io n  d iag ram s in  w h ich  
t h i s  b ra n c h  e x i s t s .  The le n g th  o f  a b ra n c h  m ust be  e q u a l to  th e  d e p th  
o f  th e  c r o s s  s e c t i o n .
The co m p le te  s e t  o f  d a ta  f o r  th e  s o lu t io n  o f th e  hom opolar l i n e a r  
synch ronous m achine h a s  42 c r o s s  s e c t i o n s .  The num bers o f  b ra n c h e s ,  
n o d e s , and b r i c k  e le m e n ts  c o n ta in in g  i r o n  a re  9893, 1873 and 368 
r e s p e c t iv e l y .
2 .7 .4  E q u iv a le n t  mmf s o u rc e s  f o r  LSM ne tw o rk
(2 .5 )The " t e a r i n g "  te c h n iq u e  * i s  u sed  to  t r a n s fo rm  a l l  w in d in g  
c u r r e n t s  i n t o  b ra n c h  mmf s o u rc e s .  In  each  m a g n e tic  b ra n c h  o f th e  n e tw o rk  
c u t  by  c u r r e n t  an  mmf s o u rc e  e q u a l in  m agn itude to  t h a t  c u r r e n t  i s  
i n s e r t e d .  The s ig n  o f  th e  mmf so u rc e  i s  p o s i t i v e  i f  th e  c u r r e n t  te n d s  
to  in d u c e  p o s i t i v e  f lu x ,  i . e .  f lu x  in  th e  assum ed d i r e c t i o n  a s  in d ic a te d  
in  F i g . 2 .2 .2 .
2 .7 .4 .1  T ra n s fo rm a tio n  o f th e  f i e l d  w in d in g  c u r r e n t
The f i e l d  w in d in g  o f  th e  LSM i s  a dc c o i l  and i t  i s  p la c e d  on th e  
p r im a ry  member a s  shown i n  F i g . 2 .7 .1 .  The t r a n s f o r m a t io n  o f  th e  f i e l d  
w in d in g  c u r r e n t  i s  i l l u s t r a t e d  in  F i g . 2 . 7 . 7 ( a ) . E ach c o i l  o f  th e  f i e l d  
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tu r n s  o f  f i e l d  w in d in g , and i s  a  f i e l d  c u r r e n t .  The p a ra m e te r  1 /2
a p p e a rs  b e c a u se  o f  sym m etry, i . e .  h a l f  o f  th e  f i e l d  w in d in g  e x i s t s .  In
a c o i l  s id e  B th e  c u r r e n t  i s  assum ed to  e n te r  th e  p la n e  o f th e  d ia g ra m .
The c u r r e n t  in  c o i l  s id e  A flo w s o u t from  th e  d iag ram . The m ethod o f
m aking th e  t r a n s f o r m a t io n  i s  to  w ith d raw  c o i l  s id e  B a lo n g  th e  p a th  shown
by  th e  d o t te d  l i n e  u n t i l  i t  c o in c id e s  w ith  c o i l  s id e  A (F ig .  2 . 7 . 7 . a ) .
The d i r e c t i o n  o f  w ith d ra w a l i s  everyw here  p e rp e n d ic u la r  to  th e  c u r r e n t
flo w  p a th s .  The e q u iv a le n t  mmf so u rc e  a p p e a rs  in  e ac h  o f th e  m a g n e tic
b ra n c h e s  w h ich  i s  c u t  by th e  d o t te d  l i n e .  Each mmf s o u rc e  i s  e q u a l in
m ag n itu d e  to  Z I  /2  and i t s  d i r e c t i o n  i s  shown on th e  d ia g ra m . T h is  
f  f
t r a n s f o r m a t io n  can  a l s o  b e  perfo rm ed  by w ith d ra w a l o f c o i l  s id e  A a lo n g  
th e  d o t te d  l i n e  u n t i l  i t  c o in c id e s  w i th  c o i l  s id e  B. F ig .  2 .7 .7 ( b )  shows 
a v ie w , in  2 -d im e n s io n s , o f  th e  e q u iv a le n t  mmf s o u rc e s  due to  th e  t r a n s ­
fo rm a tio n  o f  th e  f i e l d  w in d in g  c u r r e n t .  To o b ta in  th e  e q u iv a le n t  mmf 
s o u rc e s  in  th e  t h r e e  d im e n s io n a l ne tw o rk  th e  same p ro c e d u re  m ust b e  
fo llo w e d  f o r  a l l  c r o s s  s e c t io n s  lo o k in g  i n  th e  z d i r e c t i o n .  F ig .  2 .7 .8  
shows a co m p ariso n  betw een  m easured  f lu x  d e n s i ty  and t h a t  c a lc u la t e d  
u s in g  program  TESTF. The p o in t  o f  com parison  i s  a t  th e  c o in c id e n c e  o f 
th e  p o le  c e n t r e - l i n e  and th e  c e n t r e - l i n e  o f  th e  s id e  lim b .
F ig s .  2 .7 .9  (a )  and (b) show th e  s p a t i a l  d i s t r i b u t i o n  o f a i r - g a p  
f lu x  f o r  two d i f f e r e n t  f i e l d  c u r r e n t s .
2 .7 .4 .2  T ra n s fo rm a tio n  o f  a rm a tu re  w in d in g  c u r r e n t
The a rm a tu re  w in d in g  o f  th e  hom opolar l i n e a r  synch ronous m achine i s  
a d i s t r i b u t e d  th r e e  p h ase  w in d in g  in  two la y e r s  w ith  eac h  c o i l  s id e  
h a v in g  t u r n s .  The w in d in g  h a s  2 s l o t s  p e r  p o le  and p h ase  and each, 
c o i l  h a s  a p i t c h  o f  4 s l o t s .  Two p o le s  o f  th e  w in d in g  i s  shown in  
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F i e l d  c u r r e n t  IF ( A )
F i g . 2 .7 .8  M a g n e tiz a t io n  cu rv e  and a i r  gap l i n e
* * * * *  m easurem ent
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d i s t r i b u i l o n  along Z - a x i s  oF LSM- .  60.
F ig . 2 .7 .9  (a ) Space d i s t r i b u t i o n  o f  a i r  gap f lu x  d e n s i ty  due to  a 
f i e l d  c u r r e n t  o f (5A)
A A A A A r e p r e s e n t s  th e  f lu x  d e n s i ty  a t  o f  F i g . 2 .7 .2
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d i s t r i b u t  ion along Z - a x i s  oF LSM- . 6 0 .
F ig .  2 .7 .  9 (b) Space d i s t r i b u t i o n  o f  a i r  gap f l u x  d e n s i t y  due to  a 
f i e l d  c u r r e n t  o f  QOA)
A A A A A r e n r e s e n t s  th e  f l u x  d e n s i t y  a t  D_D. o f  F i g . 2 . 7 . 22 1
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The w in d in g s  on each  limb of th e  hom opolar LSM w ere c o n n e c te d  i n  s e r i e s -  
s t a r  and c o n n e c te d  t o g e t h e r  i n  s e r i e s .
The a n a l y s i s  i s  c a r r i e d  o u t  f o r  th e  i n s t a n t  a t  w h ich  t h e  r e d -p h a s e  
i s  c a r r y i n g  t h e  ze ro  c u r r e n t .  At t h i s  i n s t a n t  th e  y e l lo w  and b lu e  
p h a s e s  c a r r y  a c u r r e n t  e q u a l  to  ( /2  cos 3 0 ) ,  w here i s  th e  rms
v a l u e  o f  a rm a tu re  c u r r e n t ,  as  shown i n  F ig .  2 . 7 .1 1 .
A s i m i l a r  p ro c e d u re  to  t h a t  u sed  f o r  th e  t r a n s f o r m a t i o n  o f  f i e l d  
c u r r e n t  i s  u sed  t o  t r a n s f o r m  th e  a rm a tu re  c u r r e n t s  i n t o  e q u i v a l e n t  mmf 
s o u r c e s .  In  o r d e r  t o  i l l u s t r a t e  th e  p ro c e s s  a s i n g l e  c r o s s  s e c t i o n  w i l l  
b e  c o n s id e r e d .
The f i r s t  s t e p  o f  t r a n s f o r m a t i o n  i s  to  d e f in e  th e  p a t h  w h ic h  w i l l  
be  fo l lo w e d  by  w ith d ra w a l  o f  a c o i l  s i d e .  These p a th s  f o r  a l l  t h e  c o i l  
s i d e s  a r e  i l l u s t r a t e d  by th e  d o t t e d  l i n e s  i n  F ig .  2 . 7 .1 2 .  As a c o i l  
i s  w ith d raw n ,  i t  i n t e r s e c t s  a number o f  b r a n c h e s .  I n t o  e a c h  o f  th e s e  
b ra n c h e s  i s  p l a c e d  an  mmf s o u rc e  h a v in g  th e  v a lu e  o f  t h e  c o i l  c u r r e n t .  
The mmf s o u rc e s  i n  e a c h  b r a n c h  a r e  summed to  g iv e  a s e t  o f  s i n g l e  
g e n e r a to r s  i n  e a c h  b r a n c h  a s  shown i n  F ig .  2 .7 .1 3 .
I n  t h e  t h r e e  d im e n s io n a l  network, th e  p ro c e d u re  j u s t  d e s c r ib e d  i s  
u sed  a t  eac h  o f  t h e  t h r e e  c r o s s  s e c t i o n s  s e e n  i n  t h e  x - d i r e c t i o n .  These 
a re  ta k e n  a t  BB2 , CC2 and DD2 a s  i n d i c a t e d  i n  F ig .  2 . 7 . 2 .  I n  a d d i t i o n  
to  th e s e  two f u r t h e r  c r o s s  s e c t i o n s  c o n t a in in g  th e  e n d - tu r n s  (AA^ and 
EE^) a r e  c o n s id e r e d .  F o r  one o f  t h e s e  c r o s s  s e c t i o n s .  F ig .  2 .7 .1 4  
shows th e  t r a n s f o r m a t i o n  o f  th e  end w in d in g  a rm a tu re  c u r r e n t  i n t o  
e q u i v a l e n t  mmf s o u r c e s .  The w ith d ra w a l  p a th s  o f  th e  c o i l  en d s  a r e
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b : 3_phase components of armature 
current
Fig 2 7 11
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i n d i c a t e d  by  d o t t e d  l i n e s  which, a r e  p e r p e n d i c u l a r  to  th e  c u r r e n t  f lo w .
The p o i n t  to  be  n o te d  i n  t h i s  c a se  i s  t h a t  th e  w i th d ra w a l  p a th s  do n o t  
i n t e r s e c t  t h e  b r a n c h e s  n o rm a l ly  a s  in  t h e  p r e v io u s  c a s e s  when th e  f i e l d  
and a rm a tu re ,  c o i l  s i d e  c u r r e n t s  w ere  t r a n s fo rm e d .  I n  t h i s  c a s e ,  th e  
norm al d i r e c t i o n  (n) o f  e a c h  d o t t e d  l i n e  forms an a n g le  ”a " ,  th e  v e r t i c a l  
b ra n c h e s  shown i n  F i g .  2 . 7 . 1 4 .  The v a lu e  o f  th e  mmf s o u rc e  p la c e d  i n  a 
v e r t i c a l  b ra n c h  i s  now e q u a l  to  th e  c o i l  c u r r e n t  t h a t  i n t e r s e c t s  th e  
b r a n c h  m u l t i p l i e d  by  Ceos a ) . The c o r re s p o n d in g  h o r i z o n t a l  mmf 
s o u rc e  i s  m u l t i p l i e d  by  Csin a ) .  The mmf s o u rc e s  a r e :
mmf o f  v e r t i c a l  b r a n c h  = /2  N I  cos 30 cos ac a
mmf o f  h o r i z o n t a l  b r a n c h  = Æ  N X  co s  30 s i n  otc a
The s e t  o f  e n d - t u r n  mmf s o u rc e s  a r e  shown i n  F ig .  2 . 7 .1 5 .
F ig .  2 .7 .1 6  shows a com parison  be tw een  m easured  f l u x  d e n s i t y  and 
t h a t  c a l c u l a t e d  u s in g  p rogram  TESTF. The a rm a tu re  w in d in g  i s  e x c i t e d  a lo n e  
and th e  r o t o r  p o le  i s  i n  t h e  d - a x i s  p o s i t i o n .  The p o i n t  o f  com parison  
i s  a t  th e  p eak  o f  t h e  w aveform , i n  th e  c e n t r e - l i n e  o f  a  s i d e  l im b .
F ig .  2 .7 .1 7  shows th e  s p a t i a l  d i s t r i b u t i o n  o f  a i r  gap f l u x  d e n s i t y  
a t  an a rm a tu re  c u r r e n t  o f  9 .7A .
F ig s .  2 .7 .1 8  and 2 .7 .1 9  show c o r re s p o n d in g  r e s u l t s  f o r  th e  q - a x i s  
p o s i t i o n .
2 . 7 . 4 . 3  T ra n s fo rm a t io n  f o r  b o t h  f i e l d  and a rm a tu re  w in d in g s
The p ro c e d u re  w h ich  h a s  b een  p e rfo rm ed  i n  th e  p r e v io u s  two s e c t i o n s  
f o r  th e  s e p a r a t e  t r a n s f o r m a t i o n  o f  f i e l d  and a rm a tu re  c u r r e n t s  can a l s o  
be  used when b o th  w in d in g s  a r e  e x c i t e d  t o g e t h e r .  The same s o u rc e s  o f  
mmf as  th o s e  t h a t  h ave  b een  found i n  s e c t i o n s  2 . 7 . 4 . 1  and 2 . 7 . 4 . 2  a r e  
u sed  w i t h  th e  e q u i v a l e n t  b r a n c h  mmf b e in g  found by  a l g e b r a i c  summation
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of t h e  mmf s o u rc e s  i n  each  b r a n c h .  The f l u x  and f l u x  d e n s i t y  i n  each  
b ra n c h  o f  th e  t h r e e  d im e n s io n a l  ne tw ork  can  be  o b ta in e d  by u s in g  th e  
com puter program  TESTF f o r  to rq u e  a n g le s  o f  0 ° ,  90^ and 180° when b o th  
th e  f i e l d  and a rm a tu re  c u r r e n t s  o f  th e  LSM a r e  e n e r g i s e d .  The a i r  
gap f l u x  d e n s i t y  d i s t r i b u t i o n s  f o r  th e  t h r e e  to rq u e  a n g le s  a r e  shown 
i n  F ig .  2 .7 .2 0  to  2 . 7 . 2 2 .
2 .8  D is c u s s io n  and C o n c lu s io n
A non l i n e a r  t h r e e  d im e n s io n a l  s o l u t i o n  h a s  been  d ev e lo p ed  to  
o b t a i n  th e  f l u x  d e n s i t y  i n  d i f f e r e n t  p a r t s  o f  a hom opolar l i n e a r  
synchronous  m achine a t  to rq u e  a n g le s  o f  0 ° ,  90° and 180° t a k in g  s a t u r a t i o n  
e f f e c t s  i n t o  a c c o u n t .  O th e r  to rq u e  a n g le s  can  be e a s i l y  o b ta in e d  by 
s u i t a b l e  r e - l a b e l l i n g  o f  r o t o r  e le m e n ts .
The f l u x  d e n s i t i e s  o b ta in e d  from th e  f i e l d  c a l c u l a t i o n s  can be 
used  to  p r e d i c t  t h e  c h a r a c t e r i s t i c s  o f  th e  LSM. T his  w i l l  be  done and 
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2 . 9 . 1  Simple a i r  gap c a l c u l a t i o n
2 . 9 . 1 . 1  I n t r o d u c t i o n
The s t r a i g h t  l i n e  t a n g e n t  to  th e  low er p o r t i o n  o f  th e  m a n g e t iz in g  
c u rv e  i s  known as th e  a i r  gap l i n e .  T h is  i n d i c a t e s  th e  mmf r e q u i r e d  to  
overcom e th e  r e l u c t a n c e  o f  th e  a i r  g ap .  I f  t h e r e  w ere no e f f e c t s  o f  
s a t u r a t i o n ,  th e  a i r  gap l i n e  and m a g n e t iz in g  cu rv e  would c o i n c i d e .  The 
d e p a r t u r e  o f  t h e  c u rv e  from  th e  a i r g a p  l i n e  i s  t h e r e f o r e  an i n d i c a t i o n  
o f  t h e  d e g re e  o f  s a t u r a t i o n  p r e s e n t .  I n  th e  absence  o f  s a t u r a t i o n  th e  
f l u x  d e n s i t y  i n  t h e  a i r  gap i s  d i r e c t l y  p r o p o r t i o n a l  to  th e  mmf and i s  
i n v e r s e l y  p r o p o r t i o n a l  to  th e  l e n g th  o f  th e  p a th  i n  th e  a i r  gap , i . e .
B = —  X mmf 2 . 9 . 1 . 1
S
w here  mmf = m agnetom otive  f o r c e
B = f l u x  d e n s i t y
g = a i r  gap l e n g t h
= p e r m e a b i l i t y  o f  f r e e  sp ace
2 . 9 . 1 . 2  A i r  gap f l u x  d e n s i t y  due to  f i e l d  c u r r e n t  (B^)
R e f e r r i n g  to  F i g .  2 . 7 . 2 ,  t h e  mmf o f  f i e l d  w in d in g  d r iv e s  th e  f l u x  
a c ro s s  two a i r  g a p s , each  o f  w h ich  has  a l e n g th  o f  g . The mmf r e q u i r e d  
to  overcome th e  r e l u c t a n c e  o f  each  a i r  gap i s
Z f l f
mmf ( f o r  f i e l d  w in d in g )  = —r—
where
= number o f  tu r n s  o f  f i e l d  w in d in g  
I ^  = f i e l d  c u r r e n t
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S u b s t i t u t i n g  t h i s  mmf i n  e q u a t io n  2 . 9 . 1 . 1  g iv e s  th e  f l u x  d e n s i t y  
due to  th e  f i e l d  c u r r e n t  as
y .  Z I
B- = —  2 . 9 . 1 . 2f  g 2
2 . 9 . 1 . 3  A ir  gap f l u x  d e n s i t y  due to  a rm a tu re  c u r r e n t  (B^)
The mmf o f  th e  t h r e e  p h ase  a rm a tu re  w in d in g  i s  b a s e d  on th e  fund-
2 8am en ta l  te rm  a l o n e .  I t s  m agn itude  can  be  e x p re s s e d  as
3CZ qK ) ^
mmf Cfor a rm a tu re  w ind ing )  = -----    I ^  cos 0
w here
th e  number o f  tu r n s  p e r  s l o t  
q th e  number o f  s l o t s  p e r  p o le  p e r  p h ase  
t h e  w in d in g  f a c t o r  
I ^  th e  p eak  v a lu e  o f  a rm a tu re  c u r r e n t
This  mmf i s  a s i n u s o i d a l  f u n c t i o n  o f  th e  sp a c e  a n g le  0 ,  and i t s  
s u b s t i t u t i o n  i n  e q u a t io n  2 . 9 . 1 . 1  g iv e s
y 3(Z qK )
B = —  . ----- — I  /2  cos 8 2 . 9 . 1 . 3a g IT a
A
where B^ i s  th e  peak  v a lu e  o f  th e  f l u x  d e n s i t y  due to  th e  rms a rm a tu re
c u r r e n t  I  .a
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2 . 9 . 2  D im ensions o f  t e s t  machine
F ig .  2 . 9 . 2 . 1  shows th e  main d im en s io n s  o f  th e  t e s t  m ach ine . 
D e t a i l s  o f  t h e  w in d in g s  and s l o t t i n g  a r e  g iv e n  below :
s e r i e s  c o n d u c to r s  p e r  a rm a tu re  w in d in g  s l o t  (Z^) 58
s e r i e s  c o n d u c to r s  o f  f i e l d  w in d in g  (Z^) = 400
s l o t  p e r  p o l e  p e r  p h ase  (q) = 2
c o i l  p i t c h  ( s l o t s ) = 4
s l o t - w i d t h / s l o t - p i t c h  r a t i o = 0 .5
p h a se  s p r e a d  (a ) = 60°
c h o rd in g  a n g le  (e ) = 60°
w in d in g  f a c t o r  (K ^ = 0 .8366
s l o t  ty p e = s e m ic lo s e d
The c a l c u l a t i o n  o f  w in d in g  f a c t o r  i s  b a s e d  on th e  fo l lo w in g  
2. 8e q u a t io n s
K = K ,.K  2 . 9 . 2 . 1w d e
where i s  th e  d i s t r i b u t i o n  f a c t o r .  I t s  m agn itude  f o r  th e  fundam en ta l 
o f  th e  a i r - g a p  f l u x  i s
s i n  i  a s i n  y  (60)
K, = -----------^ ^ ----------- = 0 .966
q s i n  Y Ccr/q) 2 s i n  j  (6 0 /2 )
and i s  t h e  c h o rd in g  f a c t o r .  I t s  m agn itude  f o r  th e  fundam en ta l a i r -  
gap f l u x  i s
K = cos y  Ce) = cos y  (60) = 0 .866
S u b s t i t u t i n g  th e  v a l u e s  o f  and i n  th e  e q u a t io n  2 . 9 . 2 . 1  g iv e s
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CHAPTER THREE
CALCULATION OF INDUCTANCE COEFFICIENTS 
AND INDUCED EMF
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3 .1  I n t r o d u c t i o n
The c o e f f i c i e n t s  o f  s e l f  and m u tu a l  in d u c ta n c e  w i l l  v a ry  w i t h  
c u r r e n t  o v e r  a w ide  ran g e  i n  m achines where i r o n  forms an  e s s e n t i a l  p a r t  
o f  th e  c o n s t r u c t i o n .  I t  i s  t h e r e f o r e  n e c e s s a r y  to  examine th e  e f f e c t s  o f  
s a t u r a t i o n  on th e  p e rfo rm a n ce  o f  th e  hom opolar l i n e a r  synchronous 
m a c h in e .
The open  c i r c u i t  s a t u r a t i o n ,  o r  m a g n e t i z a t io n ,  cu rv e  o f  a sy n ch ro n ­
ous m achine i s  t h e  r e l a t i o n  be tw een  th e  mmf o f  th e  f i e l d  w in d in g  and 
t h e  r e s u l t a n t  f l u x  p e r  p o l e .  The c u rv e  i s  u s u a l l y  drawn by u s in g  in d u c ed  
a rm a tu re  v o l t a g e  as  o r d i n a t e  and f i e l d  c u r r e n t  a s  a b s c i s s a .  These 
q u a n t i t i e s  a r e  p r o p o r t i o n a l  to  th e  f l u x  p e r  p o le  and to  th e  mmf o f  th e  
f i e l d  w in d in g  p e r  p o le  r e s p e c t i v e l y  when th e  m achine i s  o p e r a t e d  a t  
c o n s t a n t  s p e e d .  The m a g n e t i s a t io n  c u rv e  can  be u sed  to  p r e d i c t  th e  
c u rv e  o f  m u tu a l  in d u c ta n c e  be tw een  f i e l d  and a rm a tu re  w i n d i n g s ^ * ,
T here  a r e  two im p o r ta n t  c o e f f i c i e n t s  o f  a rm a tu re  r e a c t i o n  w hich  a r e
due to  th e  s a l i e n c y  o f  t h e  r o t o r .  These a r e :  th e  d i r e c t  a x i s  r e a c t a n c e
X^, t h a t  o c c u r s  when th e  a x i s  o f  th e  a rm a tu re  mmf c o in c id e s  w i th  th e  p o le
a x i s ;  and th e  q u a d r a tu r e  a x i s  r e a c t a n c e  X^, t h a t  o c c u rs  when th e  a x i s  o f
3 8th e  a rm a tu re  mmf i s  i n  th e  c e n t r e  o f  t h e  i n t e r p o l a r  s p a c e .  Wieseman 
has  d e r iv e d  a c c u r a t e  c o e f f i c i e n t s  by f l u x  p l o t t i n g  f o r  th e  c a l c u l a t i o n  
o f  th e  fu n d a m e n ta l  s in e  wave o f  f l u x  p roduced  i n  a s a l i e n t  p o le  m achine 
by th e  c o n c e n t r a t e d  f i e l d  t u r n s ,  and by a s i n u s o i d a l l y  d i s t r i b u t e d  
a rm a tu re  r e a c t i o n .  By t a k in g  th e  r a t i o  of t h e s e  two c o e f f i c i e n t s ,  th e
n e c e s s a r y  f a c t o r  t o  c o n v e r t  t h e  a rm a tu re  r e a c t i o n  a m p e re - tu rn s  i n t o
3 8 3 3e q u i v a l e n t  f i e l d  a m p e re - tu rn s  h a s  b een  d e r iv e d  ’ and u sed  by A lg e r
to  c a l c u l a t e  t h e  a rm a tu re  r e a c t a n c e .
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The a rm a tu re  le a k a g e  r e a c t a n c e  i s  d e f in e d  as th e  d i f f e r e n c e  be tw een  
th e  t o t a l ,  o r  s y n c h ro n o u s ,  a rm a tu re  r e a c t a n c e  and th e  r e a c t a n c e  o f  
a rm a tu re  r e a c t i o n ^ T h e  le a k a g e  f l u x  i n  th e  a i r - g a p  w hich  f a i l s  
to  r e a c h  th e  r o t o r  o f  th e  hom opolar LSM w i l l  be  c o n s id e re d  to  be  a p a r t  
o f  t h e  m a g n e t i s in g  i n d u c ta n c e .
I n  t h i s  c h a p t e r ,  th e  b a s i c  m achine p a ra m e te r s  and
f o r  hom opolar l i n e a r  synchronous  m achines  w i l l  be i n v e s t i g a t e d .  To 
ta k e  s a t u r a t i o n  e f f e c t s  i n t o  a c c o u n t ,  th e  in d u c ta n c e s  w i l l  be c a l c u l a t e d  
u s in g  a f l u x  l i n k a g e  m ethod. T h is  i n  t u r n  u s e s  f l u x  p l o t s  w hich  w ere 
o b ta in e d  from  th e  t h r e e  d im e n s io n a l  n o n l i n e a r  program  d e s c r ib e d  i n  
C h ap te r  2.
I n  a d d i t i o n  to  t h e  n u m e r i c a l ly  c a l c u l a t e d  in d u c t a n c e s ,  a l g e b r a i c  
e q u a t io n s  a r e  d e v e lo p e d  to  g iv e  a s im p le  e s t i m a t e  o f  th e  v a l u e s .  To 
ta k e  th e  f r i n g i n g  e f f e c t s  i n t o  a c c o u n t .  C a r t e r ' s  c o e f f i c i e n t s  a r e  u sed  
to  c a l c u l a t e  th e  e f f e c t i v e  p o le  l e n g t h .  The c o e f f i c i e n t  f o r  p o le s  o f  
e q u a l  p o l a r i t y  i s  u sed  f o r  c a l c u l a t i o n  o f  th e  f i e l d  and d - a x i s  i n d u c ta n c e s ,  
and t h a t  f o r  p o le s  o f  o p p o s i t e  p o l a r i t y  i s  u sed  f o r  q - a x i s  in d u c ta n c e .
A l l  ha rm o n ics  i n  t h e  mmf d i s t r i b u t i o n  o f  th e  DC and t h r e e  p h ase  a rm a tu re  
w in d in g s  a r e  ig n o re d  w i t h  th e  e x c e p t io n  o f  th e  fu n d am e n ta l  com ponent.
A lso ,  a l l  ha rm o n ics  due to  n o n -u n ifo rm  a i r - g a p  geom etry  w ere  ig n o re d .
3 .2  In d u c ta n c e  C a l c u l a t i o n  by t h e  F lu x  L inkage  Method
3 .2 .1  I n t r o d u c t i o n
I n  o r d e r  to  d e te rm in e  a c c u r a t e  v a lu e s  f o r  th e  LSM in d u c ta n c e s ,  
d e t a i l e d  f l u x  p l o t s  f o r  th e  machine a r e  c o n s id e r e d .  The in d u c ta n c e  i s  
o b ta in e d  d i r e c t l y  from  th e  p l o t s  u s in g  th e  f l u x  l i n k a g e  p e r  ampere o f  
c u r r e n t  i n  th e  c o i l .  T h is  i s  e x p re s s e d  i n  th e  fo l lo w in g  w e l l  known 
r e l a t i o n s h i p :
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L = A = M  3 .2 .1
L 1
w here
L: in d u c ta n c e
X: f l u x  l i n k a g e
N: number o f  t u r n s
<p : f l u x  p ro d u ced  by th e  c o i l
i :  c u r r e n t  th ro u g h  th e  c o i l
3 . 2 . 2  S e l f  m a g n e t i s in g  in d u c ta n c e  o f  t h e  f i e l d  w in d in g  (L^ )
F ig .  3 .2 .1  shows a p l a n  v iew  o f  th e  a i r - g a p  b ra n c h e s  o f  th e  homo- 
p o l a r  LSM. In  t h e  F ig u r e  th e  sm a l l  c i r c l e s  i n d i c a t e  th e  mmf s o u rc e s  t h a t  
a r e  due to  th e  f i e l d  w in d in g  t r a n s f o r m a t i o n .  From C h ap te r  2, th e  number 
o f  t u r n s  f o r  each  o f  th e s e  s o u rc e s  i s  = 200 t u r n s .  Temporary symbols 
su ch  a s  Z, m, r ,  1 ,  2 , . . . ,  and 25 as  shown i n  F i g .  3 . 2 .1  a r e  u sed  to  
e x p l a i n  th e  p ro c e d u re  b e in g  fo l lo w e d  f o r  c a l c u l a t i o n  o f  th e  f l u x  l i n k a g e  
so t h a t  each  b ra n c h  i s  d e s c r ib e d  by l e t t e r  and number. C o n s id e r in g  th e
f l u x  i n  t h e  a i r - g a p  o n ly ,  th e  f l u x  l i n k a g e  due to  th e  f i e l d  c u r r e n t  i s
= X  + ( V f ) m k  +k= l
w here  (p^  i s  t h e  f l u x  p roduced  by f i e l d  c u r r e n t  I^  o b ta in e d  from th e  3-D
program  i n  C h ap te r  2 .  S ince  th e  ne tw ork  model o f  th e  hom opolar LSM
r e p r e s e n t s  1 p o le  p a i r ,  th e  m a g n e t i s in g  in d u c ta n c e  f o r  2p p o le s  i s :
2p J  
K=1





































































The s e l f - i n d u c t a n c e  a g a i n s t  f i e l d  c u r r e n t  c u rv e  o b ta in e d  u s in g  t h i s  method 
i s  shown i n  F ig .  3 . 2 . 2 .  The same in d u c ta n c e  c a l c u l a t e d  u s in g  th e  
a n a l y t i c a l  m ethods o f  s e c t io n ;  3 .4 .1  ( e q u a t io n  3 . 4 . 1 . 5  ) i s  a l s o  shown 
i n  t h i s  F i g u r e .
3 . 2 . 3  S e l f  m a g n e t i s in g  in d u c ta n c e s  o f  th e  a rm a tu re  w in d in g  (L , and L )— ---- ■ ' ■ ■ "   md-------- ----------  mq—
The e le m e n ta ry  r e p r e s e n t a t i o n  and th e  t r a n s f o r m a t io n  o f  th e  t h r e e
p h a se  w in d in g  o f  t h e  hom opolar LSM i s  shown i n  F ig u re s  2 .7 .1 1  and 2 .7 .1 3
i n  C h a p te r  2. K eeping  t h e  same c o n n e c t io n  to  t h e  a rm a tu re  w in d in g ,
and L can  be c a l c u l a t e d  when th e  r o t o r  i s  s e t  on e i t h e r  th e  d - a x i s  o r  mq
th e  q - a x i s  a s  shown i n  F ig .  3 . 2 . 1 .  The c o n n e c t io n s  to  th e  a rm a tu re  
w in d in g  a r e  shown i n  F ig .  3 . 2 . 3 .  T h is  c i r c u i t  i s  s i m i l a r  to  t h a t  u sed  
i n  r e f e r e n c e  3 .14  f o r  m e asu r in g  th e  q - a x i s  in d u c ta n c e .  F lu x  l i n k a g e  was 
m easured  a t  t e r m in a l s  xx , and th e  r e a d in g  v a l u e  was m u l t i p l i e d  by  a 
c o n v e n ie n t  f a c t o r  ( 1 /2 )  to  g iv e  th e  p h ase  in d u c ta n c e .
A s i m i l a r  p ro c e d u re  to  t h a t  d e s c r ib e d  i n  s e c t i o n  3 . 2 .2  f o r  c a l c u l a t i n g  
i s  employed i n  t h i s  c a s e .  The f l u x  l i n k a g e  o f  th e  a rm a tu re  w in d in g ,  
w h e th e r  t h e  r o t o r  i s  i n  th e  d - a x i s  o r  q - a x i s  p o s i t i o n ,  can  be  w r i t t e n :
+ ( V a ) m k  +k = l
w here  i s  t h e  number o f  tu r n s  o f  th e  t r a n s fo rm e d  a rm a tu re  w in d in g  and 
w hich  can  e a s i l y  be  o b ta in e d  from F ig .  2 . 7 . 1 3 ,  and i s  th e  peak  v a lu e  
o f  f l u x  due to  a rm a tu re  c u r r e n t  I ^ .  The v a lu e s  o f  <j)^  th ro u g h  th e  3D 
ne tw ork  b ra n c h e s  have  been  found i n  C h a p te r  2.
The c o r r e s p o n d in g  m a g n e t i s in g  in d u c ta n c e  a t  t e r m in a l s  xx o f  F i g .
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F i e l d  c u r r e n t  IF (A )
F ig .  3 . 2 .2  F i e l d  w in d in g  s e l f  m a g n e t i s in g  in d u c ta n c e  f o r  l i n e a r  o r  
c y l i n d r i c a l  LSM
-------------------  s im p le  a i r  gap c a l c u l a t i o n
x -x —x —X—X com puting
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XX
Fig 3 2 3 : The equ iva len t  c i r c u i t  of
3-phase armature  conne­
c t ion  fo r  LSM
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2 p  1
(T ) =-------------- ----------------------------------------------------------
m d , q  XX
I a
By u s in g  a m u l t i p l i c a t i o n  f a c to r ^ * ^ ^  w hich  i s  e q u a l  to  ( 1 / 2 ) ,  th e  
m a g n e t i s in g  in d u c ta n c e  p e r  p h ase  i s  w r i t t e n
L ^   3 .2 .3
■nd.q /2  I
a
Com plete s e t s  o f  s e l f  m a g n e t i s in g  in d u c ta n c e s  due t o  d i f f e r e n t  a rm a tu re  
c u r r e n t s ,  w i th  th e  r o t o r  p o s i t i o n e d  on th e  d - a x i s  and q - a x i s  a r e  shown i n  
F ig u r e s  3 . 2 .4  and 3 .2 .5  r e s p e c t i v e l y .  I n  t h e s e  f i g u r e s  t h e  s im p ly  
c a l c u l a t e d  a i r - g a p  in d u c ta n c e s  a r e  a l s o  found u s in g  e q u a t io n s  3 . 4 . 2 . 2  and
3 . 4 . 3 . 1 .
The in d u c ed  rms v o l t a g e  p e r  p h ase  p e r  a n g u la r  f re q u e n c y  (E/w = q^a^ 
f o r  th e  d - a x i s  and q - a x i s  o b ta in e d  u s in g  th e  in d u c ta n c e s  a r e  compared 
w i th  th e  m easured  v o l t a g e s  ta k e n  on th e  c y l i n d r i c a l  v e r s i o n  o f  th e  homo- 
p o l a r  LSM a r e  shown in  F ig u r e s  3 .2 .6  and 3 . 2 . 7 .
3 . 2 .4  M utual in d u c ta n c e  M ^--------------------------------  a f
The r e c i p r o c i t y  o f  m u tua l  in d u c ta n c e  e f f e c t s  has  b e e n  e s t a b l i s h e d  
i n  r e f e r e n c e  3 .1 4  by e x p e r im e n t s . I t  h as  b een  shown t h a t  f o r  th e  same 
s a t u r a t i o n  c o n d i t i o n s  th e  m u tu a l  in d u c ta n c e  be tw een  th e  f i e l d  and 
a rm a tu re  i s  e q u a l  to  t h a t  be tw een  th e  a rm a tu re  and f i e l d .  I t  i s  more 
c o n v e n ie n t  to  e n e r g i s e  th e  f i e l d  w in d in g  and c a l c u l a t e  t h e  f l u x  l i n k a g e  
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armature c u r r e n t  la  ( A )
F lg .  3 . 2 ,4  D—a x i s  m a g n e t i s in g  in d u c ta n c e  f o r  round hom opolar LSM

























armature c u r r e n t  la  ( A )
F ig .  3 . 2 .5  Q -a x is  m a g n e t i s in g  in d u c ta n c e  f o r  found hom opolar LSM
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armature c u r r e n t  la (A )
F ig .  3 . 2 .6  D -a x is  phase  v o l t a g e  f o r  round hom opolar LSM
----------------  s im p le  a i r - g a p  c a l c u l a t i o n
x - x - x - x - x  com puting 
o o o o o measurement a t  16 .67  Hz 
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armature  c u r r e n t  la ( A )
F ig .  3 .2 .7  Q—a x i s  p h ase  v o l t a g e  f o r  round  hom opolar LSM
----------------  s im p le  a i r - g a p  c a l c u l a t i o n
X—X—X—X—X com puting 
o o o o o measurem ent a t  16 .67  Hz 
A. & & A A. measurement a t  83 .33  Hz
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In  o r d e r  to  c a l c u l a t e  M _ th e  a rm a tu re  c i r c u i t  was assumed to  bea f
c o n n e c te d  as  shown in  F ig .  3 . 2 . 3 .  The f l u x  l in k a g e  c a l c u l a t e d  a t
t e r m in a l s  x -x  must be  m u l t i p l i e d  by a f a c t o r  ( 1 / / 2 )  ( s e e  R ef.  3 .14 )  i n
o r d e r  to  g iv e  th e  c o r r e c t  v a lu e  p e r  p h a s e .
The f l u x  v a lu e s  used i n  s e c t i o n  3 . 2 .2  w ere u sed  f o r  t h i s  c a s e .  I t
sh o u ld  be  n o t i c e d  t h a t  th e  r o t o r  must be  s e t  i n  th e  d - a x i s  p o s i t i o n .  
R e f e r r i n g  to  F ig .  3 . 2 . 1 ,  th e  f l u x  l in k a g e  o f  th e  a i r - g a p  f o r  1 p a i r  p o le  
i s  e x p re s s e d  i n  te rm s o f  (j>^  and as
k = l
The m u tua l  in d u c ta n c e  a t  t e r m in a l s  xx f o r  2P p o le s  i s
k= l
f
By u s in g  th e  m u l t i p l i c a t i o n  f a c t o r  ( 1 / / 2 ) ,  m en tioned  above ,  th e  m utual 
in d u c ta n c e  p e r  p h ase  can  b e  w r i t t e n
k = l
M = ----------------------------------------------------------------  3 .2 .4
The m utua l in d u c ta n c e  o b ta in e d  by t h i s  e q u a t io n  i s  compared w i th  t h a t  o b ta in e d  
from th e  s i m p l i f i e d  method ( e q .  3 . 4 . 1 .  4) i n  F ig .  3 . 2 . 8 .  To c o n f irm  t h i s  
c a l c u l a t i o n  th e  p h ase  v o l t a g e  (E/w = i s  a l s o  d e te rm in e d  and compared
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F i e l d  c u r r e n t  IF ( A )
F ig .  3 . 2 .8  M utual in d u c ta n c e  betw een f i e l d  and a rm a tu re  w in d in g  f o r  
round  hom opolar LSM











































F i e l d  c u r r e n t  IF ( A )
F ig .  3 .2 .9  O p e n - c i r c u i t  c h a r a c t e r i s t i c  f o r  round hom opolar LSI I
----------------  s im p le  a i r - g a p  c a l c u l a t i o n
x - x - x - x - x  com puting 
o o o o o m easurem ent a t  16 .67  Hz 
A A A A A measurement a t  83 .33  Hz
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3 . 2 . 5  C a l c u l a t i o n  o f  th e  in d u c ta n c e  components w hich  a r e  c o n s id e r e d  
i n  t h e  norm al f o r c e  p r e d i c t i o n
The c a l c u l a t i o n  of th.e m a g n e t is in g  in d u c ta n c e s  o f  th e  hom opolar LSM 
u s in g  th e  f l u x - l i n k a g e  method b ased  upon a know ledge o f  th e  f l u x  d i s t r i b u t i o n  
i n  th e  a i r - g a p .  The method has  been  v e r i f i e d  by a com parison  o f  c a l c u l a t e d  
and m easured  v a l u e s  f o r  g e n e ra te d  v o l t a g e .  T here  a r e  two components o f  
t h e  a i r - g a p  f l u x ;  le a k a g e  f l u x  and th e  f l u x  t h a t  c o u p le s  w i th  th e  f i e l d  
w in d in g .  T h is  l a t t e r  component i s  r e s p o n s i b l e  f o r  f o r c e  p r o d u c t io n  and 
i t  i s  c a l c u l a t e d  by  t h e  fo l lo w in g  method
A ccord ing  to  F ig .  3 . 2 .1  th e  in d u c ta n c e s  w hich  govern  th e  norm al f o r c e  
c a l c u l a t i o n  a r e  found  from e q u a t io n s  3 .2 .2  and 3 . 2 .3  by chang ing  th e  
v a r i a t i o n  o f  k  to  be  from 9 to  17 f o r  th e  d - a x i s  and from 3 to  11 f o r  th e  
q - a x i s  i n s t e a d  o f  1 to  25 f o r  b o th  c a s e s .  Thus
17 
k=9
L ^ = ------------------------------------------------------------------  3 . 2 . 5 . 1mf
17
P I
k=9 2 + ( V a ) m k  +





k=3 2 + ( V a ^ m k  +
( V a > r k
2
L J = ----------------------------------------------------------------  3 . 2 . 5 . 2md
L = ----------------------------------------------------------------  3 . 2 . 5 . 3
Æ I a
The r e s u l t s  o f  t h e s e  e q u a t io n s  a r e  compared w i th  th o s e  o b ta in e d  from  a 
s im p le  a i r - g a p  c a l c u l a t i o n  made u s in g  e q u a t io n s  3 . 4 . 1 . 7  , 3 . 4 . 2 . 3  and
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F i e l d  c u r r e n t  IF (A )
F ig .  3 .2 .1 0  F i e l d  w ind ing  s e l f  m a g n e t i s in g  in d u c ta n c e  f o r  homopolar 
LSît u s in g  a c t u a l  p o le  l e n g th
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armature c u r r e n t  la ( A )
Fi g .  3 . 2 . 1 1 D—a x i s  m a g n e t i s in g  in d u c ta n c e  f o r  hom opolar LSM u s in g  
a c t u a l  p o le  l e n g th
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F ig .  3 .2 .1 2
armature  c u r r e n t  la ( A )
Q -a x is  m a g n e t i s in g  in d u c ta n c e  f o r  hom opolar LSM u s in g  
a c t u a l  p o l e  l e n g t h
----------------  s im p le  a i r - g a p  c a l c u l a t i o n
x-x-x-x-x computing
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A com parison  b e tw ee n  th e  norm al f o r c e  o b ta in e d  u s in g  th e s e  in d u c ta n c e s  
and m easured  v a l u e s  w i l l  be  th e  s u b j e c t  o f  th e  n e x t  c h a p t e r .
3 .3  D is c u s s io n  and C o n c lu s io n
The r e a s o n  f o r  t h e  v a lu e s  o f  computed in d u c ta n c e  b e in g  h ig h e r  th a n  
th o s e  g iv e n  by  th e  s im p le  a i r - g a p  c a l c u l a t i o n  ( F ig .  3 .2 .1 2 )  i s  t h a t  th e  
f r i n g i n g  f l u x  a round  th e  r o t o r ,  p a r t i c u l a r l y  i n  th e  q - a x i s  p o s i t i o n  i s  
v e r y  h ig h .  T h is  can  be s e e n  c l e a r l y  by  e x a m in a t io n  o f  t h e  f l u x  d e n s i t y  
d i s t r i b u t i o n  shown i n  F ig .  2 . 7 .1 9 .  However, t h e  d i f f e r e n c e  be tw een  
o th e r  im pedances c a l c u l a t e d  u s in g  th e  f i e l d  model and th e  s im p le  a i r - g a p  
c a l c u l a t i o n  i s  c o n s id e r e d  sm a l l  enough to  j u s t i f y  t h i s  u s e  o f  th e  s im p le r  
method i n  i n i t i a l  d e s ig n .
I n  a d d i t i o n  to  th e  v a r i a t i o n  of  m u tu a l  in d u c ta n c e  (M _) be tw een  th ea t
f i e l d  and th e  a rm a tu re  w in d in g s  w i th  r o t o r  p o s i t i o n ,  t h e r e  i s  a  v a r i a t i o n  
w i th  f i e l d  c u r r e n t  ( I ^ )  due to  s a t u r a t i o n  ( F ig .  3 . 2 . 8 ) .  A f t e r  an i n i t i a l  
r i s e ,  t h e  m u tu a l  in d u c ta n c e  d e c r e a s e s  v e ry  s lo w ly ,  and when a f i e l d  
c u r r e n t  o f  = 6A i s  r e a c h e d ,  th e  cu rv e  f a l l s  o f f  q u i t e  r a p i d l y .  Because 
b o th  and a r e  p r o p o r t i o n a l  to  th e  f l u x  <f>^ , w hich i s  s e t  by  f i e l d  
c u r r e n t  I ^ ,  t h e  c u rv e  o f  L m f d i s p l a y s  a  s i m i l a r  b e h a v io u r  to  t h a t  o f  th e  
cu rv e  as  can  b e  s e e n  i n  F ig .  3 . 2 . 2 .
The v a r i a t i o n  o f  p h ase  v o l t a g e  w i th  t h e  v a r i a t i o n  o f  a rm a tu re  c u r r e n t  
when th e  f i e l d  c u r r e n t  i s  z e ro  and th e  r o t o r  i s  i n  t h e  d - a x i s  i s  shown i n  
F ig .  3 . 2 . 6 .  The v o l t a g e  i s  l i n e a r  f o r  a rm a tu re  c u r r e n t s  up to  3A. Beyond 
t h i s  p o i n t  th e  e f f e c t  o f  s a t u r a t i o n  c a u s e s  to  s lo w ly  d e c re a s e  
(F ig .  3 . 2 . 4 ) .
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When th e  r o t o r  i s  i n  th e  q - a x i s  th e  in d u c ta n c e  L i s  c o n s t a n tmq
( F ig .  3 . 2 . 5 ) .  T h is  i s  due to  th e  much l a r g e r  e f f e c t i v e  a i r - g a p  s een  by 
f l u x  i n  th e  q - a x i s .
The above r e s u l t s  d e m o n s t ra te  t h a t  th e  f i e l d  model g iv e s  a method
f o r  c a l c u l a t i n g  th e  LSM in d u c ta n c e s  when s a t u r a t i o n  i s  p r e s e n t .  I t  i s
much more a c c u r a t e  th a n  p re v io u s  methods w hich  have  had to  r e s o r t  to
th e  u s e  o f  s a t u r a t i o n  f a c t o r s ^ 3.16^ F u r th e rm o re ,  th e  le a k a g e  r e a c t a n c e
3 .13w hich r e s u l t s  from  th e  a i r - g a p  f l u x  t h a t  f a i l s  to  c u t  th e  r o t o r  * has  
been  c o n s id e r e d .  I t  may be  s a i d  t h a t  t h i s  component o f  a rm a tu re  le a k a g e  
r e a c t a n c e  has  a v a r i a t i o n  w i th  th e  r e l a t i v e  p o s i t i o n s  o f  t h e  i r o n  p a r t s  
o f  th e  LSM, and i t s  v a l u e  i n  t h e  q u a d r a tu r e  a x i s  i s  h ig h e r  th a n  t h a t  i n  
th e  d i r e c t  a x i s .
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3.4 Appendices
3 . 4 .1  F i e l d  w in d in g  m u tua l and s e l f  in d u c ta n c e
F ig .  3 .4 .1  shows th e  assumed d i s t r i b u t i o n  o f  th e  a i r - g a p  f l u x  
d e n s i t y  when th e  f i e l d  c u r r e n t  i s  I ^ .  The f r i n g i n g  o f  th e  f l u x  a t  th e  
p o le  edges h as  b e e n  a c c o u n te d  f o r  i n  an  a p p ro x im a te  manner by th e  use  of 
an  e f f e c t i v e  polej l e n g th  . T h is  was c a l c u l a t e d  u s in g  C a r t e r ’s
c o e f f i c i e n t  f o r  p o le s  o f  th e  same p o l a r i t y  ( s e e  s e c t i o n  3 . 4 . 4 ) .  The 
u s e  o f  C a r t e r ’ s c o e f f i c i e n t  i n  t h i s  c a s e  i s  n o t  s t r i c t l y  j u s t i f i e d ,  
b e c a u se  o f  th e  s h a l lo w n e s s  o f  th e  p o l e s .  However i t s  u se  does g iv e  
r e a s o n a b le  r e s u l t s ^ ^ ' ^ ^ ^ .
I n  o r d e r  t o  c a l c u l a t e  th e  v o l t a g e  in d u ced  i n  th e  a rm a tu re  w in d in g  
th e  fundam en ta l  component o f  th e  waveform o f  F i g .  3 .4 .1  i s  u s e d .  This
IS :
b f  = s i n  S  
P
where
wxs i n  —  dx = -----  s i n --=-----  ( 3 . 4 . 1 . 1 )
I  T IT ZT
J  V ^ d  
2
The a i r - g a p  f l u x  d e n s i t y  i s  
^ o Z f l f■ ( 3 . 4 . 1 . 2 )
where i s  th e  f i e l d  w in d in g  mmf.




"^ P - hd Tp+lld
Fig 3 4 1 : Flux density distr ibution
with f ield excited .
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=  i  Bf V
2y w T z I  7t£
o r  (f)^  =  ^ ----------- s i n  —  ( 3 . 4 . 1 . 3 )
IT g P
when and B^ a r e  e l im i n a t e d  u s in g  e q u a t io n s  ( 3 . 4 . 1 . 1 )  and ( 3 . 4 . 1 . 2 )  
The peak  induced  emf p e r  p o le  p a i r  i s :
E l = “
w here Z = s e r i e s  c o n d u c to r s  p e r  a rm a tu re  s l o ta
q = s l o t s  p e r  p o le  and phase
= w ind ing  f a c t o r
The rms in d u c ed  emf f o r  P p o l e - p a i r s  on eac h  a rm a tu re  w in d in g  and w i th  
b o th  w in d in g s  c o n n ec ted  i n  s e r i e s  i s
o r
E = 2PE^//2  = /2  Pw(Z^qk^)(f,^
( J j  2 / 2  p W T  z (z  qk )P I .  T T i l . j
E =   °  P ^ ^  Ê s i n
ir g
The phase  induced  v o l t a g e  can  a l s o  be e x p re s s e d  i n  th e  form
E = w M _ I .a f  f
so t h a t  th e  m utual in d u c ta n c e  be tw een  th e  f i e l d  and a rm a tu re  w in d in g s  i s
TT g ^P
In  o rd e r  to  c a l c u l a t e  th e  f i e l d  w in d in g  s e l f  in d u c ta n c e  (L^ ^ ) th e  
t o t a l  f l u x  l in k a g e  w i t h  th e  w in d in g  i s  r e q u i r e d .  T h is  i s :
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I .
" f  =   2 i   ^
and th e  f i e l d  s e l f  in d u c ta n c e  i s  t h e r e f o r e :
2P-VZ Z -P
L f  = o - ( 3 . 4 . 1 . 5 )mf 2g
The norm al f o r c e  com ponents may he  e v a lu a te d  by c o n s id e r i n g  th e  
r a t e  o f  change of s t o r e d  ene rgy  w i th  a change i n  gap . An e s t i m a t e  o f  
th e  f o r c e  can  be o b ta in e d  by n e g l e c t i n g  th e  change i n  en e rg y  i n  th e  
f r i n g e  and le a k a g e  f i e l d s .  T h is  i s  acc o m p lish e d  by u s in g  th e  a c t u a l  
po le  l e n g th  i n  th e  in d u c ta n c e  e x p r e s s io n s  ( 3 . 4 . 1 . 4 )  and ( 3 . 4 . 1 . 5 )  w hich  
now become
a f  Z Z T
IT g  p
2
Emf = - ^ i -  ( 3 - 4 .1 . 7 )
3 .4 .2  A rm ature d - a x i s  s e l f  in d u c ta n c e  (L ,)   mo, —
For t h i s  case  ( F ig .  3 .4 .2 )  th e  fu n d am e n ta l  component o f  th e  a i r - g a p  
f lu x  d e n s i t y  d i s t r i b u t i o n  i s ;









Fig 3 4 2 : d-ax is  f lux  density d is tr ibut ion
with armature excited .
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I n  t h i s  e x p r e s s i o n  th e  e f f e c t i v e  p o l e  l e n g t h  h a s  a g a i n  b e e n  u s e d  
s i n c e  th e  p o l e s  a r e  o f  t h e  same p o l a r i t y .
The p e a k  f l u x  d e n s i t y  a t  t h e  p eak  a rm a tu re  c u r r e n t  ( I )  i s
, . . " W  :
a  g TT
S u b s t i t u t i n g  t h i s  i n t o  ( 3 . 4 . 2 . 1 )  g i v e s :
:  r h d  . 1 . / " * i d
D  ,  =s • 2irg
P P
The p o l e  f l u x  i s :
*d = fV p "
and t h e  p eak  in d u c e d  emf p e r  p o le  p a i r  i s  th e n :
El = “ (VV'^d
The p e a k  in d u c e d  emf f o r  P p o l e - p a i r s  on e a c h  a rm a tu re  w in d in g  and w i th  
b o t h  w in d in g s  c o n n e c te d  i n  s e r i e s  i s
E = 2PEi = 2Po)Cz^qk^)(J>^
o r
( z ^ q y S î  r  Aid 1 . , * * l d l 1
E - -------^ ----------- I —  + 7  sin I — JJ
TT g P P
The p h a s e  in d u c e d  v o l t a g e  can  a l s o  b e  e x p r e s s e d  i n  t h e  form
E = wL j  I  md
so  t h a t  th e  i n d u c t a n c e  i s
94
IT g  p  p
When e s t i m a t i n g  th e  f o r c e  th e  a c t u a l  p o l e  l e n g th  i s  u s e d .  E q u a t io n  
C 3 .4 .2 .2 )  now becomes
Ema -  [ f  . i s l n ( ^ ) ]  0 . 4 . 2 . 3 )
^ g P P
3 . 4 . 3  A rm ature  q - a x i s  s e l f  in d u c ta n c e  (L )  mq —
The a i r - g a p  f l u x  d e n s i t y  d i s t r i b u t i o n  f o r  t h i s  c a s e  ( F ig .  3 .4 .3 )  
h a s  two com ponen ts .  The l a r g e r  component (B^) ap p e a rs  w here  th e  p o le  i s  
p r e s e n t .  I t s  m agn itude  i s  g iv e n  by
, . ;
a g TT
as i n  S e c t io n  3 . 4 . 2 .
I n  a d d i t i o n  to  th e  l a r g e r ,  main f l u x  d i s t r i b u t i o n  t h e r e  i s  a s m a l l e r ,  
le a k a g e  f l u x  component CB^). This  f l u x  p a s s e s  be tw een  a d j a c e n t  p o le s  on 
th e  same a rm a tu re  w in d in g .  The m agn itude  o f  B^ can  be  e s t im a te d  by 
assum ing  t h a t  t h e  exposed  p o r t i o n  o f  th e  a rm a tu re  w in d in g  can  be  t r e a t e d  
as  an o p e n - s id e d  m a c h i n e . I n  t h i s  c a s e  th e  f l u x  i s  assumed to  
c r o s s  a gap o f  l e n g t h  Cg’ ) w here
T
The q - a x i s  m a g n e t i s in g  in d u c ta n c e  i s  e v a lu a te d  u s in g  th e  same 
p ro c e d u re  as  ad o p ted  i n  S e c t io n  3 . 4 . 2 .  I n  t h i s  c a s e ,  how ever,  th e  
e f f e c t i v e  p o le  l e n g t h  (2^^) i s  c a l c u l a t e d  f o r  p o le s  o f  o p p o s i t e  p o l a r i t y .  






Fig 3 4 3 ; q-axis f lux density d is tr ibut ion
with armature excited .
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( 3 . 4 . 3 . 1 )
When c a l c u l a t i n g  a t t r a c t i v e  f o r c e ,  th e  r a t e  o f  change o f  in d u c ta n c e
w ith ,  gap i s  r e q u i r e d .  S in ce  th e  le a k a g e  f l u x  i s  in d e p e n d e n t  o f  gap and
th e  change i n  f r i n g i n g  f l u x  i s  b e in g  ig n o r e d ,  e q u a t io n  ( 3 . 4 . 3 . 1 )  can 
be s i m p l i f i e d  to
L .  % - , V V V , ’ ^  ( J H ) ]  < 3 . . ,3 .2 >
mq 2 k T IT \ x / jTT g p p
3 .4 .4  C a r t e r ’ s c o e f f i c i e n t s
C a r t e r s ’ s c o e f f i c i e n t s  a r e  used  i n  t h i s  c h a p t e r  to  c a l c u l a t e  th e  
e f f e c t i v e  p o le  l e n g t h  i n  o r d e r  to  ta k e  f r i n g i n g  e f f e c t s  i n t o  a c c o u n t .
The c a l c u l a t i o n  o f  t h e  f i e l d  and d - a x i s  in d u c ta n c e s  r e q u i r e  th e  u se  o f
th e  c o e f f i c i e n t  f o r  p o le s  o f  th e  same p o t e n t i a l ,  and t h a t  o f  th e  q - a x i s
in d u c ta n c e  t h e  u se  o f  th e  c o e f f i c i e n t  f o r  p o le s  o f  o p p o s i t e  p o t e n t i a l .
As shown i n  F ig u r e s  3 . 4 .4  and 3 .4 .5  w id th  (w^) i s  added to  th e  p o le
l e n g th  to  a c c o u n t  f o r  th e  f r i n g i n g  f l u x  a t  th e  edge o f  th e  p o l e .  This
(3 18)w id th  can  be  e x p r e s s e d  * i n  te rm s of th e  a i r - g a p  f r a c t i o n  X. 
w^ -  Xg ( 3 . 4 . 4 . 1 )
w here g i s  th e  a i r - g a p  l e n g th .
3 . 4 . 4 . 1  P o le s  o f  t h e  same p o l a r i t y
F ig .  3 . 4 . 4  shows two p o le s  o f  th e  same p o l a r i t y  where s i s  th e  
d i s t a n c e  b e tw ee n  t h e s e  two p o l e s .  A cco rd ing  to  C a r t e r ,  th e  f r a c t i o n  X 
o f  th e  l e n g t h  o f  t h e  a i r - g a p  i s  g iv e n  by
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w 1 - » -*-w1
F ig 3 *4 '4  : Poles of same potent ia l
Fig 3 4 5 : Poles of opposite potential
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^ °  ( | i )  ■ ' l ô ( l i )  l ° g  [ 1 + ( f ^ )  1 C 3 .4 .4 .2 )
The m achine under c o n s i d e r a t i o n  has  th e  fo l lo w in g  d im en s io n s :
Z -  0 .0635  m, th e  a c t u a l  p o le  l e n g th
s = 0 .1 2 7  m
g = 3.175 X 10 ^ m
u s in g  e q u a t io n  3 . 4 . 4 . 2  and th e n  3 . 4 . 4 . 1 ,  w^ i s  found to  be
w^ = 8 .096  X 10 ^ m
t h e r e f o r e
Jl. J = Z + 2Wt = 0 .0 7 9 7  m 
i d  1  '
where Z^^ i s  th e  e f f e c t i v e  p o le  l e n g th  t a k in g  th e  f r i n g i n g  e f f e c t s  i n t o  
a c c o u n t .
3 . 4 . 4 . 2  P o le s  o f  o p p o s i t e  p o l a r i t y
The two p o le s  o f  o p p o s i t e  p o l a r i t y ,  shown i n  F ig .  3 .4 .5  a r e
c o n s id e r e d  when c a l c u l a t i n g  th e  q - a x i s  in d u c ta n c e .  The f r a c t i o n  X o f
(3 18)th e  l e n g th  o f  th e  a i r - g a p  f o r  t h i s  c a s e  i s  * :
 ^ ^  ( l i )  (f^) + V  ( i  [ l  + ( ] } (3-4-4.3)
Using t h i s  e x p r e s s io n  w i th  e q u a t io n  3 . 4 . 4 . 1 ,  th e  e f f e c t i v e  p o le  l e n g th  
Z. i s  found to  be
iq
Z  ^ = Z + 2w  ^ = 0 .0769  mIq  1 --------------
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CHAPTER 4
CALCULATION OF MECHANICAL FORCES
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4 .1  I n t r o d u c t i o n
One method f o r  f i n d i n g  th e  f o r c e s  a c t i n g  on m a t e r i a l  i n  a m a g n e t ic  
f i e l d  s t a r t s  w i t h  th e  p r i n c i p l e  o f  c o n s e r v a t io n  o f  e n e rg y .  E l e c t r i c a l  
e n e rg y  in p u t  and th e  i n c r e a s e  i n  th e  m a g n e t ic  en e rg y  a r e  c a l c u l a t e d  
and i t  i s  assumed t h a t  th e  d i f f e r e n c e  o f  t h e s e  q u a n t i t i e s  g iv e s  th e  work 
done by  m a g n e tic  f o r c e s  on b o d ie s  w hich  a r e  d i s p l a c e d .  T h is  p ro c e d u re  
was fo l lo w e d  by D oh er ty  and P a rk  i n  r e f e r e n c e  4 . 1 .
C o n s e rv a t io n  o f  ene rgy  c o n s i d e r a t i o n s  w ere u sed  i n  r e f e r e n c e  4 .2  
to  e s t i m a t e  th e  f o r c e s  p roduced  i n  a h e t e r o p o l a r  LSM. The e x p r e s s io n s  
deve lo p ed  f o r  t h i s  m achine a r e  a p p l i e d  i n  s e c t i o n  4 .2  to  g iv e  an e s t i m a t e  
o f  t h e  f o r c e s  i n  th e  hom opolar LSM under  s a t u r a t e d  c o n d i t i o n s .
S e c t io n  4 .3  g iv e s  an  ap p ro x im a te  method f o r  c a l c u l a t i n g  r a t e  o f  
change o f  s t o r e d  e n e rg y ,  and hence  f o r c e ,  d i r e c t l y  from a  f l u x  p l o t .
The o th e r  method u sed  f o r  f o r c e  c a l c u l a t i o n s  r e l i e s  on th e  c o n c e p t
4 . 3 -4 . 4o f  "Maxwell S t r e s s " .  C a rp e n te r  * * h a s  u sed  M axw ell’s s t r e s s e s  to
c a l c u l a t e  m e c h a n ic a l  f o r c e s  on i r o n  members s i t u a t e d  in  a m a g n e t ic  f i e l d .  
The s t r e s s  d i s t r i b u t i o n  h a s  to  be  i n t e g r a t e d  o v e r  a  c l o s e d  s u r f a c e  
s u r ro u n d in g  th e  member o f  i n t e r e s t .  I n  s e c t i o n  4 .4  o f  t h i s  c h a p t e r  th e  
LSM f o r c e s  a r e  c a l c u l a t e d  by  s u r ro u n d in g  th e  r o t o r  p o le s  w i t h  a c lo s e d  
s u r f a c e .
4 .2  C a l c u l a t i o n  o f  M echan ica l F o rc e s  by u s in g  In d u c ta n c e s
4 . 2 .1  I n t r o d u c t i o n
The f o r c e  be tw een  two c i r c u i t s  i s  d e r iv e d  from c o n s e r v a t io n  o f  
en e rg y  c o n s i d e r a t i o n s  as^*^
4 .2 .1.1
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Where and I 2 , a r e  th e  c u r r e n t s  and in d u c ta n c e  c o e f f i c i e n t s
o f  t h e  two c i r c u i t s  and M,  th e  m u tua l in d u c ta n c e  be tw een  them, f  i s  th e
X
component of f o r c e  i n  th e  x d i r e c t i o n .
4 . 2 .2  C a l c u l a t i o n  o f  norm al f o r c e
To c a l c u l a t e  th e  norm al f o r c e  f o r  th e  hom opolar LSM, i t  i s  more 
c o n v e n ie n t  to  u se  th e  f o l lo w in g  e x p r e s s io n  d ev e lo p ed  i n  r e f e r e n c e  4 . 2 .
-  I
4 . 2 . 2 . 1
T h is  e x p r e s s io n  u se s  th e  a p p ro x im a t io n  t h a t  eac h  o f  t h e  a i r - g a p  
in d u c ta n c e s  depends o n ly  on th e  i n v e r s e  o f  g .
The in d u c ta n c e  c o e f f i c i e n t s  f o r  a p a r t i c u l a r  c a s e  (and  i n  th e  ab se n c e  
o f  end e f f e c t s ) a r e  e v a lu a te d  u s in g  e i t h e r  a s im p le  a i r - g a p  c a l c u l a t i o n  
o r  from  a f i e l d  p l o t .
The com parison  be tw een  c a l c u l a t e d  f o r c e s  and th o s e  m easured  a t  low 
speed  has  b een  made f o r  each  o f  th e  f o l lo w in g  c a s e s :
1. A rm ature c u r r e n t  ze ro
F = L - 4 . 2 . 2 . 2  shown i n  F i g . 4 . 2 . 2 . 1n 2g mf f
2. F i e l d  c u r r e n t  zero
231
F ( L j + L  ) + C L j - L  ) cos  25.  md mq md mq 1n 4g
T his  e q u a t io n  h as  two fo l lo w in g  c a s e s :
a) 5^ , to rq u e  a n g le  i s  e q u a l  to  0°  (D -a x is )
F = L , 4 , 2 . 2 . 4  , F i g . 4 . 2 . 2 . 2n 2g md a
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F i e ld  c u r r e n t  IF (A )
F ig .  4 . 2 . 2 . 1  Normal f o r c e  due to  f i e l d  c u r r e n t  by th e  u se  o f
in d u c ta n c e  L _ mf
o o o o o s im p le  a i r - g a p  c a l c u l a t i o n
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F ig .  4 . 2 . 2 . 2 D -ax is  norm al f o r c e  due to  a rm a tu re  c u r r e n t  by th e  use
o f  in d u c ta n c e  L .md
o o o o o s im p le  a i r - g a p  c a l c u l a t i o n
------------------- com puting
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b)  6^, to rq u e  a n g le  i s  e q u a l  to  90° (Q -a x is )
F = | -  L 4 . 2 . 2 . 5  , F i g . 4 . 2 . 2 . 3n 2g mq a » &
3. I n  th e  c a s e  when b o th  f i e l d  and a rm a tu re  c u r r e n t s  a r e  a p p l i e d ,  th e  
in d u c ta n c e  must be  r e c a l c u l a t e d  s in c e  th e  s a t u r a t i o n  c o n d i t i o n s  
have  a l t e r e d .  T h is  c a s e  i s  n o t  shown.
4 . 2 . 3  C a l c u l a t i o n  o f  t h r u s t  f o r c e
An e x p r e s s io n  f o r  t h r u s t  i n  te rm s o f  w in d in g  c u r r e n t s  and to rq u e  
a n g le  can  be  o b ta in e d  by e q u a t in g  a i r - g a p  power to  m e c h a n ic a l  o u t p u t .
The f o l lo w in g  e x p r e s s io n  was d e r iv e d  i n  r e f e r e n c e  4 . 2  .
F_ = —  M - I - I  s i n  6.  + CL , -  L ) I ^ s i n 2 6 .  4 . 2 . 3 . 1T T a f  f  a  1 2t md mq a i
P P
By u s in g  c o n s t a n t  c u r r e n t s  o f  5 amps and 9 .7  amps, r e s p e c t i v e l y ,  f o r  th e
f i e l d  and a rm a tu re  w in d in g s ,  and a l s o  c o n s id e r i n g  th e  a i r - g a p  v a lu e s  o f  
in d u c ta n c e  c o e f f i c i e n t s  and c o r re s p o n d in g  to  th o s e  c u r r e n t s ,
w hich  w ere  o b ta in e d  i n  t h e  p r e v io u s  c h a p t e r ,  th e  e q u a t io n  4 . 2 . 3 . 1  g iv e s  
th e  t h r u s t  as  a f u n c t i o n  o f  th e  s i n g l e  v a r i a b l e  6^ as  shown i n  F i g . 4 . 2 . 3 . 1  
The dependence i s  s e e n  to  c o n s i s t  o f  a  fu n d am en ta l  te rm  and a second  
h a rm o n ic .  The second  harm onic  te rm  r e p r e s e n t s  th e  r e l u c t a n c e  power due 
to  s a l i e n c y ,  and i s  p r e s e n t  even  when th e  e x c i t a t i o n  i s  rem oved. I t  
depends upon th e  d i f f e r e n c e  be tw een  d - a x i s  and q - a x i s  in d u c ta n c e s  and 
thus  d i s a p p e a r s  i n  a  n o n - s a l i e n t  p o le  m ach ine . I t  sh o u ld  be  n o te d  t h a t ,  
t h e o r e t i c a l l y ,  th e  maximum t h r u s t  would o c c u r  a t  a - t o r q u e  an g le  6^ o f  9 0 ° .  
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F i g .  4 . 2 . 3 . 1  T h ru s t  f o r c e  due to  f i e l d  c u r r e n t  o f  5 amps and 
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4 .3  C a l c u l a t i o n  o f  Normal F o rce  by th e  Use o f  F lu x  P lo t
The use o f  th e  t h r e e  d im en s io n a l  f l u x  p l o t  o b ta in e d  i n  c h a p te r  2
to  c a l c u l a t e  th e  normal f o r c e  f o r  homopolar l i n e a r  synchronous machines
i s  based  on th e  e n g in e e r in g  approx im ation^*^  i n  which th e  n o n - l i n e a r
r e l a t i o n  be tw een  th e  e x c i t a t i o n  and th e  r e s u l t a n t  f l u x  was assumed to
be l i n e a r i s e d  i n  a sm a l l  neighbourhood  o f  th e  o p e r a t in g  p o i n t .  In
r e f e r e n c e  4 .5  , th e  l i n e a r i s a t i o n  was accom plished  by u s in g  th e  assum ption  t h a t
th e  r e l u c t i v i t y  i n  each  mesh c a l c u l a t e d  f o r  a p a r t i c u l a r  o p e r a t in g
c o n d i t io n  rem ained  c o n s ta n t  i n  a sm a l l  r e g io n  around th e  o p e r a t in g  p o in t
and th e  t o t a l  f l u x  was found by adding  th e  f l u x  l in k a g e s  o f  each tu r n .
However, f o r  c e r t a i n  c u r r e n t s  a p p l ie d  to  f i e l d ,  a rm a tu re ,  o r  b o th
w in d in g s ,  a s i m i l a r  p ro c e d u re  i s  c o n s id e re d  to  d e te rm in e  th e  t o t a l  o f
normal f o r c e  F by th e  summation o f  f o r c e s  f  a c t i n g  on each mesh o f  th e  n n
r o t o r  s u r f a c e  as shown i n  f i g u r e s  4 .3 .1  and 4 . 3 . 2 .  I t  sho u ld  be n o te d
t h a t  th e  r o t o r  s u r f a c e  under c o n s id e r a t io n  i s  assumed to  be t h a t  s u r f a c e
w hich i s  ly in g  a g a i n s t  th e  s t a t o r  f a c e .
One o f  th e  norm al f o r c e s  f ^  can be w r i t t e n  by re d u c in g  e q u a t io n  4 . 2 . 1 . 1
to  be f o r  a s i n g l e  c i r c u i t
f  = -  ^ -  4 .3 .1n 2 g
Assuming t h a t  th e  f l u x  d e n s i ty  rem ains c o n s ta n t  o ver  th e  gap le n g th  g 
a l low s  th e  in d u c ta n c e  to  be d e f in e d  i n  a s i m p l i f i e d  manner as
L = P "  4 .3 .2
By s o lv in g  th e  e q u a t io n s  4 . 3 .1  and 4 . 3 . 2 ,  th e  norm al f o r c e  f ^  can be 
found i n  term s o f  th e  f l u x
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Fig4-3-1 : The mesh over ro to r  surface .
Fig 4-3-2 : Normal force fp acting on one 
mesh .
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f  = m
n 2g
T h e r e f o r e ,  t h e  t o t a l  f o r c e  i s






th e  number o f  meshes on th e  r o t o r  s u r f a c e
th e  number o f  p o le  p a i r s
t h e  mmf o f  t h e  a i r - g a p  b ra n c h e s
th e  f l u x  th ro u g h  th e  b ra n c h  w hich  i s  p roduced  by  NX
By u s in g  th e  v a l u e s  o f  t h r e e - d im e n s i o n a l  f l u x  w hich  w ere o b ta in e d  i n  
C h a p te r  2 ,  e q u a t io n  4 . 3 . 3  g iv e s  th e  norm al f o r c e  w h ich  a c t s  be tw een  th e  
s t a t o r  and th e  r o t o r  o f  th e  hom opolar LSM f o r  such  c a s e s  as shown i n  th e  
f o l l o w in g  f i g u r e s  ( 4 . 3 . 3 ,  4 . 3 . 4  and 4 . 3 . 5 ) .
E q u a t io n  4 . 3 . 3  was used  to  c a l c u l a t e  th e  norm al f o r c e  F^ when b o th
th e  f i e l d and a rm a tu re c u r r e n t s w ere a p p l i e d  f o r  th e  f o l l o w in g  c a s e s .
5. = 1 0° F = NO 1800.6 N
5. = 1 90° ^N90 694 .9 N
5. = 1 180° ^NISO = 36 .2 N
I n  o r d e r  to  save  com puter tim e an  e s t i m a t i o n  o f  th e  f o r c e s  f o r  o t h e r  
to rq u e  a n g le s  was made u s in g  th e  f o l lo w in g  m ethod. E q u a t io n  4 . 2 . 2 . 1  
can  be  s i m p l i f i e d  to
F.__ = a + b cos  5. + c cos  25. 4 . 3 . 4N5^ 1 L



















F i e l d  c u r r e n t  A
F ig .  4 . 3 .3  Normal f o r c e  due to  f i e l d  c u r r e n t s  by th e  u se  o f
f l u x  p l o t s
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arm ature  c u r re n t  A
F ig .  4 . 3 .4  D -ax is  no rm al f o r c e  due to  a rm a tu re  c u r r e n t  by th e  use
o f  f l u x  p l o t s
com puting


















arm ature  c u r r e n t  A
F ig .  4 .3 .5  Q -ax is  norm al f o r c e  due to  a rm a tu re  c u r r e n t  by th e  u se
o f  f l u x  p l o t s
com puting
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a = 806 .6525
b = 882 .185  f o r  = 5 amps and = 9 .7  amps
c = 111.7725
S u b s t i t u t i n g  t h e s e  v a lu e s  i n  e q u a t io n  4 . 3 .4  g iv e s
= 806.6525 + 882.185 cos 6. + 111.7725 cos 25.N6. 1 11
By ch an g in g  th e  to rq u e  a n g le  from  -1 8 0 °  to  +180°, th e  c o r r e s p o n d in g
norm al f o r c e s  can  be o b ta in e d  and t h e s e  a r e  shown i n  f i g u r e  4 . 3 . 6 .
4 .4  M axwell*s S t r e s s  f o r  M echan ica l  F o rce  C a l c u l a t i o n
4 . 4 .1  I n t r o d u c t i o n
In  r e f e r e n c e  4 .3  i t  i s  shown how m e ch an ic a l  f o r c e s  can  be  c a l c u l a t e d
by u s in g  th e  c o n c e p t  o f  Maxwell s t r e s s .  The method i s  g e n e r a l  and t a k e s
s a t u r a t i o n  i n t o  a c c o u n t  s i n c e  f o r c e  i s  c a l c u l a t e d  d i r e c t l y  from a  f i e l d
4 .3d i s t r i b u t i o n .  C a rp e n te r  * h as  s o lv e d  a s a t u r a t e d  p rob lem  by i n t e g r a t i n g
o ver  th e  s u r f a c e  n e a r  th e  s a t u r a t e d  i r o n  by f o l lo w in g  a z i g  zag p a th
a lo n g  th e  f i e l d  e q u i p o t e n t i a l  and f l u x  l i n e s . He h a s  a l s o  s o lv e d
4 .4problem s by i n t e g r a t i n g  s c a l a r  p o t e n t i a l  o v e r  a s u r f a c e
I n  t h i s  s e c t i o n ,  th e  t h r e e  d im e n s io n a l  f l u x  d i s t r i b u t i o n  o f  th e  
homopolar LSM w hich  was o b ta in e d  i n  c h a p t e r  2 i s  u sed  f o r  f o r c e  p r e d i c t i o n s  
u s in g  th e  Maxwell S t r e s s  Method.
4 .4 .2  The b a s i c  e q u a t io n s
A cco rd ing  to  r e f e r e n c e  4 .6 ,  t h e r e  a r e  two M ax w ell 's  e q u a t io n s
g iv in g  th e  s t r e s s e s  a t  a p o i n t  i n  s p a c e .  The f i r s t  i s  a t e n s i l e  s t r e s s
2along  th e  l i n e  o f  f o r c e  a t  e a c h  p o i n t  w h ich  e q u a ls  BH N/m . The second 
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2 2 . 4 .4H /2  N/m , These e q u a t io n s  a r e
 ^ (B^ -  B?) 5s 4 . 4 . 2 . 1n 2u n t
f  = 1 -  B 5s 4 . 4 . 2 . 2t  y n t  o
E q u a t io n  4 . 4 . 2 . 1  g iv e s  th e  norm al f o r c e  component f ^  d i r e c t e d  
p o s i t i v e l y  ou tw ards  when u sed  to  f i n d  th e  f o r c e  on w hat i s  i n s i d e  th e  
s u r f a c e  as  d i s t i n c t  from  th e  e q u a l  b u t  o p p o s i t e  r e s u l t  on w hat i s  o u t ­
s i d e  i t .
E q u a t io n  4 . 4 . 2 . 2  g iv e s  th e  t a n g e n t i a l  f o r c e  component f ^  i n  th e  
d i r e c t i o n  when i s  p o s i t i v e .
The o n ly  r e s t r i c t i o n s  on th e  s u r f a c e  s u r ro u n d in g  th e  body a r e  t h a t  
i t  m ust be c lo s e d  and i t  must n o t  p a s s  th ro u g h  any i r o n .  T h is  means 
th e  p e r m e a b i l i t y  m ust be  u n i t y  ev e ry  w here on th e  s u r f a c e .  I t  may a l s o  
be n o te d  t h a t  a  s u r f a c e  i s  c l o s e d  a t  i n f i n i t y  b e c a u se  th e  f l u x  d e n s i t y  
i s  z e ro  from th e  v iew  p o i n t  o f  M axw ell’ s s t r e s s .
4 . 4 . 3  C a l c u l a t i o n  o f  norm al f o r c e
I n  t h r e e  d im ensions  th e  s u r f a c e  f o r  th e  a p p l i c a t i o n  o f  M axw ell’ s 
s t r e s s  f o r  th e  hom opolar LSM i s  shown i n  F ig .  4 . 4 . 3 . 1 a .  The s u r f a c e  i s  
chosen  to  l i e  j u s t  o u t s i d e  th e  | t r a c k  p o l e  and i t  e x te n d s  to  i n f i n i t y  i n
a d i r e c t i o n  X p e r p e n d i c u la r  on th e  p a p e r  as  shown i n  F ig .  4 . 4 . 3 . 1 b .  The
• 4 .4M axwell’ s s u r f a c e  i s  a l s o  chosen  to  p a s s  th ro u g h  mesh nodes as  shown
i n  F i g . 4 . 4 . 3 . 2 .  The use  o f  t h i s  s u r f a c e  i s  v e ry  c o n v e n ie n t  f o r  th e
c a l c u l a t i o n  o f  th e  norm al f o r c e s  F , F and F i n  th e  t h r e e  d i r e c t i o n snx ny nz











































s y m me t r i c a l  pl ane
r o t o r  i ron
Ma xwe l l ' s  s u r f a c e
Fig 4 - 4 - 3 - 2  ; 3 - D  M a x w e l l ' s  s u r f a c e  surroundi ng  
r o t o r  iron c o m p l e t e l y  t o  f or m a 
c l o s e d  s u r f a c e  .
•nav
Bn3
Fig 4 - 4 ' 3 ' 3  : Normal  and t a n g e n t i a l  c o m p o ­
n e n t s  of  f l ux  d e n s i t y  ( one  mesh)
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The av e ra g e  v a lu e s  o f  norm al and t a n g e n t i a l  com ponents, w h ich  a r e  
u se d  i n  e q u a t io n  4 . 4 . 2 . 1 ,  a r e  l o c a t e d  a t  th e  c e n t r e  p o i n t  o f  a mesh as 
i l l u s t r a t e d  i n  F i g . 4 . 4 . 3 . 3 .  The e x p r e s s io n s  f o r  th e  a v e ra g e  f o r c e  v a lu e s  
a r e
Bn av
®nl *  ®n2 *  ®n3 *  ®n4
= i/ b ' 2 . B ?
V t a v  t a i
g
t a v  ~ " t v
w here
^ ®t2
* t a v ------------ 2-------
The p rim es and doub le  p r im es  i n  th e  above e x p r e s s io n s  i n d i c a t e  two
d i r e c t i o n s  a t  r i g h t  a n g l e s ,  b o th  t a n g e n t i a l  to  th e  s u r f a c e .  B ecause  th e
t a n g e n t i a l  f l u x  B_ w i l l  be  s m a l l  compared w i th  th e  norm al f l u x  B ,® t a v  ^ nav
2
a  good a p p ro x im a tio n  can  be  o b ta in e d  by  n e g l e c t i n g  B^^^ i n  th e  e q u a t io n  
4 . 4 . 2 . 1 .  T h is  i s  now red u ce d  to
B^
= ^ S S  4 . 4 . 3 . 1
o
The d i f f i c u l t y  a s s o c i a t e d  w i t h  th e  use  o f  av e ra g e  v a lu e s  o f  norm al 
components o f  f l u x  d e n s i t i e s  i s  t h a t  t h e r e  i s  a b i g  d i f f e r e n c e  i n  v a lu e s  
o f  f l u x  d e n s i t i e s  be tw een  parts"A B " and "BC" on th e  s u r f a c e  shown i n  
F i g . 4 . 4 . 3 . 1  . T h is  d i f f e r e n c e  i s  shown i n  a tw o -d im en s io n a l  view i n  
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F ig .  4 . 4 . 3 . 4
nodes
D i s t r i b u t i o n  a f t e r  i n c r e a s i n g  th e  number o f  b ra n c h e s  
" b e f o r e  " " " " "
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To av o id  g e n e r a t in g  a l a r g e  amount o f  d a t a  n e c e s s a r y  f o r  a f i n e r  
mesh i n  3D, a 2 -d im e n s io n a l  programme CNEW82E) was u sed  to  c a l c u l a t e  
a c o r r e c t i o n  f a c t o r  ( f ^ )  f o r  th e  a v e ra g e  v a lu e  o f  f l u x  d e n s i t y .  The 
r e s u l t s  from th e  c o a r s e  and f i n e  meshes a r e  shown in  F i g . 4 . 4 . 3 . 4 .
The norm al f o r c e s  a c t i n g  on t h e  s u r f a c e  BC, b e f o r e  and a f t e r  th e  
i n c r e a s e  i n  th e  number o f  b ra n c h e s  was c a l c u l a t e d ,  and th e  c o r r e c t i o n  
f a c t o r  was found to  be  e q u a l  CO.5 6 ) .  The e x p r e s s io n  f o r  norm al f o r c e  
becom es :
f  = f  1 + 0 .5 6  f  « 4 . 4 . 3 . 2n n l  n2
w h ere
f^^ = th e  norm al f o r c e  a c t s  on th e  s u r f a c e  o f  p a r t  AB
f  _  I I  M n  f i  I I  I I  I I  I I  I I  - D P
^n2 ■
By u s in g  b o th  o f  th e  e q u a t io n s  4 . 4 . 3 . 1  and 4 . 4 . 3 . 2  and i n t e g r a t i n g  o v e r  
th e  com ple te  s u r f a c e  C F ig .4 . 4 . 3 . 2 )  th e  fo l lo w in g  f o r c e s  w ere c a l c u l a t e d ,
i )  F ^^ , th e  norm al f o r c e  i n  th e  d i r e c t i o n  y was found to  be v e ry  
s m a l l  i n  th e  f o l lo w in g  c a s e s :
1. f i e l d  c u r r e n t  o n ly
2. a rm a tu re  c u r r e n t  o n ly  i n  b o th  D and Q axes
3. f i e l d  and a rm a tu re  w in d in g s  e x c i t e d  w i t h  r o t o r  i n  D a x is
The r e a s o n  t h a t  th e  f o r c e s  i n  th e  t h r e e  c a se s  j u s t  m e n tio n ed ,  a re  v e ry
s m a l l  i s  t h a t  th e  f o r c e s  a c t i n g  on th e  v e r t i c a l  s i d e s  o f  th e  Maxwell
s u r f a c e  ( F i g . 4 . 4 . 3 . 2 ) ,  i n  th e  d i r e c t i o n  y , a r e  a lm o s t  e q u a l  and o p p o s i t e
e a c h  o t h e r  b e c a u s e  o f  '.the symmetry o f  t h e  f l u x  p a t t e r n .  However, when
th e  r o t o r  i s  i n  th e  Q a x i s  and when b o th  f i e l d  and a rm a tu re  a r e  e x c i t e d
th e  f l u x  p a t t e r n  i s  n o t  s y m m e tr ic a l .  T h is  g iv e s  a r e s u l t a n t  F^^ f o r c e .
T ab le  4 . 4 . 3 . 1  shows th e  v a lu e s  o f  c a l c u l a t e d  f o r c e s ,  F , f o r  th e  c a s e sny
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C u r re n t F (Newton) ny
= 5 amps .07457
= 9 .7  an%)s 
d - a x i s
.394
= 9 .7  amps 
q - a x i s
2 .0 2
= 5 amps & = 9 .7  amps 
d - a x i s
2 .966
= 5 amps & = 9 .7  amps 
q - a x i s
25 .48
T able  4 . 4 . 3 . 1
125
d e s c r ib e d  above c o n s id e r i n g  a f i e l d  c u r r e n t  o f  5 amps and an a rm a tu re  
c u r r e n t  o f  9 .7  amps. I t  sh o u ld  be  n o te d  t h a t  a  sm a l l  t h r u s t  w ould be  
g e n e r a te d ,  w i th o u t  th e  f i e l d  b e in g  e x c i t e d ,  b e c a u se  o f  th e  e f f e c t  o f  
v a r i a b l e  r e l u c t a n c e .
i i )  t h e  norm al f o r c e  i n  th e  d i r e c t i o n  z ,  i s  th e  r e s u l t a n t  o f  th e
two f o r c e s  a c t i n g  i n  o p p o s i t i o n  on th e  upper  and low er f a c e s  o f
th e  Maxwell s u r f a c e  ( F i g . 4 . 4 . 3 . 2 ) .  By f o l lo w in g  th e  same p ro c e d u re  a s
was used  to  c a l c u l a t e  F , a l l  t h e  r e s u l t s  o f  F , f o r  d i f f e r e n t  c a s e sny n z ’
of f i e l d  and a rm a tu re  c u r r e n t s ,  w ere  o b ta in e d .  A com parison  be tw een  th e  
c a l c u l a t e d  F^^ and th o s e  m easured  a t  16 .67  Hz i s  shown i n  f i g u r e s  4 . 4 . 3 . 5 ,  
4 . 4 . 3 . 6 ,  4 . 4 . 3 . 7  and 4 . 4 . 3 . 8 .  I n  o r d e r  to  p l o t  th e s e  c u r v e s ,  a s i m i l a r  
a p p ro x im a tio n  to  t h a t  w hich  was u sed  i n  s e c t i o n  4 .3  o f  t h i s  c h a p te r  
was employed to  e s t a b l i s h  th e  norm al f o r c e s  F^^ f o r  d i f f e r e n t  to rq u e  
a n g l e s .  F o rc e s  F^^^ , ^ nz l80*  ^ ^ i c h  w ere  found u s in g  th e
Maxwell s u r f a c e  and th e  t h r e e  d im e n s io n a l  f l u x  d e n s i t y  d i s t r i b u t i o n s .
The c o n s t a n t  v a lu e s  o f  a ,  b ,  and c i n  e q u a t io n  4 . 3 .4  w ere d e te rm in e d  to  
be
a = 6 8 9 .9 8 ,  b = 677 .48  and c = 15.55
The norm al f o r c e  F^^ f o r  d i f f e r e n t  to rq u e  a n g le s  can  be  e x p re s s e d  i n  
term s o f  t h i s  a n g le  as
^nfi. = 689 .98  + 677 .48  cos 5. + 15 .55  cos 25.1 1 1



















F i e ld  c u r re n t  A
F ig .  4 . 4 . 3 . 5 Normal f o r c e  due to  f i e l d  c u r r e n t  by th e  u se  o f  
M axw ell’ s s t r e s s
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F ig .  4 . 4 . 3 . 6  D -ax is  norm al f o r c e  due to  a rm a tu re  c u r r e n t  by th e
use  o f  M axw ell’ s s t r e s s
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F ig .  4 .A .3 .7 Q -a x is  norm al f o r c e  due to  a rm a tu re  c u r r e n t  by 
th e  u se  o f  Maxwell*s s t r e s s
------------------- com puting
* * * * * measurem ent a t  16 .67  Hz
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F ig .  4 . 4 . 3 . 8 Normal f o r c e  o f  hom opolar LSM due to  f i e l d  c u r r e n t  
o f  5 amps and a rm a tu re  c u r r e n t  o f  9 .7  amps by th e  
u se  o f  M axw ell’s s t r e s s
* * * * *
com puting
measurem ent a t  16.67 Hz
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i i i )  F th e  normal f o r c e  i n  th e  d i r e c t i o n  x ,  i s  th e  r e s u l t a n t  o f  nx
two f o r c e s  a c t i n g  o p p o s i t e  e ac h  o t h e r  on th e  f r o n t  and b ack  o f  
th e  Maxwell s u r f a c e  ( F i g . 4 . 4 . 3 . 2 ) .  B ecause  o f  th e  symmetry, th e s e  two 
f o r c e s  a r e  e q u a l  and th ey  c a n c e l  each  o t h e r  to  g iv e  ze ro  f o r c e  i n  th e  
x - d i r e c t i o n .
4 . 4 . 4  C a l c u l a t i o n  o f  T h ru s t  F o rce
Two ways a r e  a v a i l a b l e  to  c a l c u l a t e  th e  t h r u s t  f o r c e  on th e  r o t o r  
o f  th e  hom opolar  synchronous m achine by  u s in g  M axsrell’ s s t r e s s :
a) by c a l c u l a t i o n  th e  r e s u l t a n t  F^^ o f  norm al f o r c e s  w hich  
a r e  a c t i n g  on th e  r i g h t  and l e f t  s i d e s  o f  th e  Maxwell 
s u r f a c e  ( F i g . 4 . 4 . 3 . 2 ) .
b) by c a l c u l a t i o n  th e  t a n g e n t i a l  f o r c e s  w h ich  a r e  a c t i n g  on 
th e  to p  and b o t to m  o f  th e  Maxwell s u r f a c e  ( F i g . 4 . 4 . 3 . 2 ) .
The f o r c e  F^^ was found i n  s e c t i o n  ( 4 . 4 . 3 )  to  be  sm a l l  compared 
w i th  th e  p r e d i c t e d  t h r u s t  g iv e n  i n  s e c t i o n  ( 4 . 2 . 3 ) .  I n  o r d e r  to  c a l c u l a t e  
th e  t a n g e n t i a l  f o r c e  th e  t a n g e n t i a l  f l u x  d e n s i t y  i s  r e q u i r e d .  T h is  i s  
v e ry  s m a l l  on th e  to p  s u r f a c e  o f  th e  r o t o r .  I n  o r d e r  to  o b t a i n  a 
r e l i a b l e  v a lu e  f o r  th e  p r o d u c t  th e  Maxwell s u r f a c e  was e x te n d e d  to
touch  th e  s t a t o r  s u r f a c e  a s  shown i n  F i g . 4 . 4 . 4 . 1 .  As i n  th e  p r e v io u s  
s e c t i o n  th e  a v e ra g e  v a lu e s  o f  B^ and B^ w ere found and e q u a t io n  4 . 4 . 2 . 2  
was u sed  to  c a l c u l a t e  t h e  t h r u s t  f o r c e  F^ a s  shown i n  t a b l e  4 . 4 . 4 . 1 .
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Maxwell's surface
Fig 4 4 4 1 : Maxwell's surface to be
extended for thrust force 
calculation .
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C u r re n t (Newton)
= 5 amps .1127
= 9 .7  amps 
d - a x i s
.0755
= 9 .7  amps 
q - a x i s
.7184
= 5 amps & = 9 .7  amps 
d - a x i s
7.184
= 5 amps & = 9 .7  amps 
q - a x i s
113.88
T ab le  4 . 4 . 4 . 1
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4 .5  D is c u s s i o n  and C o n c lu s io n s
V a r io u s  methods have  b e e n  d e s c r ib e d  i n  t h i s  c h a p t e r  f o r  th e  
c a l c u l a t i o n  o f  norm al f o r c e  p roduced  i n  a hom opolar l i n e a r  synchronous  
m o to r  t a k in g  s a t u r a t i o n  e f f e c t s  i n t o  a c c o u n t .  M axw ell’ s s t r e s s  method 
seems to  b e  th e  m ost a c c u r a t e  and easy  to  u s e .
Under s a t u r a t e d  c o n d i t i o n s  th e  Maxwell s t r e s s  method p r e d i c t s  f o r c e s  
somewhat l e s s  th a n  th e  e x p e r im e n ta l  v a lu e s  as shown i n  F ig .  4 . 4 . 3 . 5 .  
f o r  f i e l d  c u r r e n t s  o f  7 amps and 8 aipps, and i n  F i g .  4 . 4 . 3 . 8  f o r  to rq u e  
a n g le  o f  0 ° .  T h is  i s  b e c a u se  th e  c a l c u l a t i o n  was b a se d  on th e  s q u a re  o f  
t h e  f l u x  d e n s i t y .
The co m p ar iso n  be tw een  measurem ent and c a l c u l a t i o n  shows th e  a c c u ra c y  
o f  p r e d i c t i o n  i s  a c c e p ta b l e  f o r  b o th  in d u c ta n c e  and f l u x  l i n k a g e  methods 
e x c e p t  f o r  th o s e  v a lu e s  o f  s a t u r a t i o n  when b o th  th e  f i e l d  and a rm a tu re  
c u r r e n t s  a r e  a p p l i e d .
An e x a m in a t io n  o f  th e  machine f o r c e  c h a r a c t e r i s t i c s  ( F ig .  4 . 2 . 3 . 1  
and F i g .  4 . 4 . 3 . 8 )  s u g g e s t s  t h a t  o p e r a t i o n  a t  a f i x e d . t o r q u e  a n g le  o f  90° 
o f f e r s  two main a d v a n ta g e s .  The f i r s t  i s  t h a t  maximum m o to r in g  and 
b r a k i n g  f o r c e  i s  a v a i l a b l e  ( F ig .  4 . 2 . 3 . 1 ) .  S eco n d ly ,  t h e r e  i s  a minimum 
o f  i n t e r a c t i o n  b e tw ee n  t h e  l i f t  f o r c e  p roduced  by th e  f i e l d  c u r r e n t  and 
th e  com ponent due to  th e  a rm a tu re .
The no rm al f o r c e  i s  d ependen t o n ly  upon th e  m agn itude  o f  th e  norm al 
com ponent o f  a i r - g a p  f l u x  d e n s i t y .  T h is  f l u x  component i s  an in d e x  o f  
th e  maignetic i r o n  lo a d in g  and i n c r e a s e s  w i th  th e  i n c r e a s i n g  a rm a tu re  
v o l t a g e ,  d e c r e a s i n g  f re q u e n c y  and sp eed ,  and d e c r e a s i n g  a i r - g a p  l e n g t h .  
B e c a u se  o f  p o l a r  eddy c u r r e n t s  th e  t o t a l  f l u x  w i l l  be  red u ce d  from th e  
m agnetos  t a  t i c  v a l u e .  T h is  h as  th e  e f f e c t  o f  making th e  norm al f o r c e  
sp eed  d e p e n d e n t .
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The t a n g e n t i a l  component o f  f o r c e  p e r p e n d i c u la r  to  th e  
d i r e c t i o n  o f  m o tio n  a r i s e s  o n ly  when s t a t o r  i s  l a t e r a l l y  d i s p l a c e d  w i th  
r e s p e c t  to  th e  t r a c k .  M axw ell’ s method may be used  to  c a l c u l a t e  t h i s  
l a t e r a l  f o r c e  by c o n s id e r i n g  th e  f l u x  d e n s i t y  d i s t r i b u t i o n  o b ta in e d  
f o r  d i f f e r e n t  d i s p la c e m e n ts  be tw een  th e  s t a t o r  and r o t o r  o f  th e  hom opolar 
LSM.
The hom opolar l i n e a r  synchronous  machine i s  c a p a b le  o f  p ro v id in g  
l i f t ,  g u id an ce  and p r o p u l s io n  s im u l t a n e o u s ly ,  b u t  i t s  end w ind ing  le a k a g e  
f o r  l a r g e  p o le  p i t c h e s  i s  v e ry  b i g .  This  m achine p ro v id e s  a l s o  an 
a l t e r n a t i v e  to  t h e  l i n e a r  i n d u c t i o n  machine f o r  a p p l i c a t i o n  i n  modern 
ground t r a n s p o r t .  B o th  m achines s u f f e r  from s h o r t  s t a t o r  e f f e c t s  w hich  
a r e  due to  th e  eddy c u r r e n t s  in d u c ed  i n  th e  i r o n  o f  th e  t r a c k .  These 
e f f e c t s  can  be  re d u c e d  by i n c r e a s i n g  th e  r e s i s t i v i t y  o f  th e  s e co n d a ry  by 
u s in g  la m in a t io n s  o r  by a s u i t a b l e  c h o ic e  o f  m a t e r i a l .  The i n c r e a s e  
o f  c o m p le x i ty  o f  th e  t r a c k  s t r u c t u r e  may c au se  anih to ie& se i n  c o s t .  
However, t h e r e  a r e  many p o s s i b i l i t i e s  t h a t  have  b een  d i s c u s s e d  i n  
r e f e r e n c e  4 .2  to  im prove th e  p e rfo rm an ce  o f  l i n e a r  synchronous m a ch in es .
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In  o r d e r  to  check th e  a c c u ra c y  o f  th e  l i n e a r  hom opolar synch ronous  
m achine m odel, i t  i s  n e c e s s a r y  to  compare i t s  p r e d i c t i o n s  w i th  m easu re ­
m en ts .  The t e s t  r e s u l t s  p r e s e n te d  in  t h i s  c h a p t e r  a r e  f o r  th e  machine 
w hich was d e s c r ib e d  in  c h a p te r  2.
A s im p le  s t a t i o n a r y  model was used  to  check  th e  l e v e l s  of f l u x  
d e n s i t y  p r e d i c t e d  by th e  th r e e - d im e n s io n a l  program  TESTF. I n  t h i s  
model th e  sy n c h ro n is e d  b e h a v io u r  was s im u la te d  by f e e d in g  th e  w in d in g s  
o f  th e  machine w i th  d i r e c t  c u r r e n t^
Dynamic t e s t s  w ere con d u c ted  on b o th  l i n e a r  and c y l i n d r i c a l  forms 
o f  hom opolar synchronous m ach ine . I n  th e  l i n e a r  form th e  l o n g i t u d i n a l  
edge e f f e c t  p roduces  lo s s  and i t  a l s o  a f f e c t s  th e  d i s t r i b u t i o n  o f  a i r -  
gap f l u x - d e n s i t y . In  o r d e r  to  e l i m i n a t e  th e  edge e f f e c t  a c y l i n d r i c a l  
homopolar m achine was u s e d .  T h is  machine had e x a c t l y  s i m i l a r  d im en s io n s  
to  th o s e  o f  th e  l i n e a r  m ach ine .
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5 .2  D e s c r i p t i o n  of T e s t  Model
The a p p a r a tu s  b u i l t  to  p e r fo rm  th e  s t e a d y - s t a t e  m easurem ents  i s  
*
shown i n  (p T a te  1). I n  t h i s  model th e  main com ponents w ere  a dc d r i v e  
m o to r ,  an  a l t e r n a t o r  and th e  two t e s t  m a c h in e s . The s h a f t s  o f  th e  dc 
d r i v e  m o to r ,  t h e  a l t e r n a t o r  and th e  c y l i n d r i c a l  hom opolar t e s t  m achine 
w ere  coup led  t o g e t h e r .  The s h a f t  o f  th e  a l t e r n a t o r  and t h a t  o f  th e  LSM 
drum w ere l i n k e d  w i t h  a to o th e d  b e l t .  T h is  e n su re d  synchronous  o p e r a t i o n  
and th e  n e c e s s a r y  speed  r e d u c t i o n .
The s t a t o r s  o f  b o t h  round and l i n e a r  m ach ines  w ere  o f  "C -co re"  
c o n s t r u c t i o n  {see  F ig .  1 . 5 )  and w ere  c o n s t r u c t e d  w i t h  l a m in a t io n s  i n  
o r d e r  to  re d u c e  eddy c u r r e n t s .  The l a m in a t io n s  o f  t h e  two s i d e  l im bs 
l a y  i n  p l a n e s  d e f in e d  b y  th e  d i r e c t i o n  o f  m o t io n  and th e  norm al to  th e  
s e c o n d a ry  s u r f a c e .  The l a m in a t io n s  o f  th e  to p  lim bs l a y  i n  p la n e s  t h a t  
a r e  t r a n s v e r s e  t o  th e  d i r e c t i o n  o f  r o t a t i o n  and norm al to  th e  s e c o n d a ry .
A non c o n d u c t in g  s t a i n l e s s  s t e e l  fram e was u sed  to  s u p p o r t  th e s e  
l a m in a t io n s .  A s u f f i c i e n t  d i s t a n c e  was l e f t  be tw een  th e  m o to rs  and th e  
r e s t  o f  t h e  s t e e l  s t r u c t u r e  i n  o r d e r  t h a t  th e  le a k a g e  f l u x  p a th s  w ere 
n o t  d i s t u r b e d .
B o th  s t a t o r s  o f  th e  t e s t  m achines  w ere  i d e n t i c a l  i n  d im e n s io n s ,  
c o n s t r u c t i o n  and a r rangem en t o f  w in d in g s ,  e x c e p t  f o r  t h e  number o f  t u r n s  
on t h e  a rm a tu re  w in d in g .  The c y l i n d r i c a l  m achine had  70 tu r n s  p e r  c o i l  
w h i l s t  th e  l i n e a r  v e r s i o n  had  29 t u r n s .  Each c o i l  spanned  2 /3  o f  a  p o l e .  
The s l o t s  o f  b o t h  m achines  w ere o f  th e  s e m i-c lo s e d  ty p e  so as  to  m in im ise  
t o o t h  r i p p l e  l o s s .  The number o f  s l o t s  was 24 and eac h  m achine had  4 
p o l e s .  In  b o t h  m achines  th e  dc w in d in g s  had 400 t u r n s .






























The s e c o n d a r i e s  o f  th e  t e s t  m achines w ere  made o f  s o l i d  m ild  s t e e l .
I n  t h e  round v e r s i o n  th e  m i ld  s t e e l  b lo c k s  w ere  s e c u re d  t o  a non­
c o n d u c t in g  s t a i n l e s s  s t e e l  s h a f t .  I n  th e  l i n e a r  v e r s i o n  d i s c s  o f  s t a i n ­
l e s s  s t e e l  h a v in g  low c o n d u c t i v i t y  w ere c o n s t r u c t e d  to  s u p p o r t  th e  
se co n d a ry  p o le  p i e c e s .  The l i n e a r  t e s t  m achine o c c u p ied  a p p ro x im a te ly  
70° o f  th e  s e c o n d a ry .  T h is  was c o n s id e r e d  to  l e a v e  s u f f i c i e n t  d i s t a n c e  
f o r  th e  f l u x  to  d ecay  be tw een  th e  e x i t  and e n t r y  ed g es  o f  th e  m ach ine .
I n  o r d e r  to  m easure  norm al f o r c e s  th e  s t a t o r  o f  th e  l i n e a r  m achine 
was su spended  w i t h i n  i t s  s u p p o r t  fram e from fo u r  lo a d  c e l l s  ( s e e  p l a t e  2 ) *  
In  o rd e r  to  o b t a i n  a c l o s e r  e s t i m a t e  of th e  f o r c e  p roduced  by a t r u l y  
l i n e a r  m achine a c o r r e c t i o n  was a p p l i e d  to  th e  m easured  v a lu e  o f  f o r c e .  
T h is  c o r r e c t i o n  f a c t o r  was o b ta in e d  by  c o n s id e r i n g  a u n ifo rm  r a d i a l  
f o r c e  a c t i n g  o v e r  th e  p o r t i o n  o f  th e  p e r ip h e r y  o c c u p ie d  by  th e  m o to r .
I t  was found t h a t  th e  t r a n s d u c e r s  u n d e r e s t im a te d  th e  t r u e  norm al f o r c e  
by  some 6%.
The m otor s u p p o r t  frame ( s e e  p l a t e  1) was f r e e  to  r o t a t e  on th e  main 
s h a f t .  T h ru s t  f o r c e  was m easured  by  r e s t r a i n i n g  th e  fram e w i th  a lo a d  
c e l l .
F ig .  5 .1  shows a g e n e r a l  v iew  o f su p p ly  c o n n e c t io n s  w hich w ere  used  
i n  th e  t e s t  a p p a r a tu s .  A dc d r i v e  m otor was f e d  from a 200 v o l t  dc 
su p p ly  v i a  a s t a r t e r  and v a r i a b l e  r e s i s t o r s .  These r e s i s t o r s  w ere used  
to  c o n t r o l  th e  f r e q u e n c y  b y  v a ry in g  th e  d r i v e  m otor s p e e d .  The f i e l d  
w ind ing  o f  t h e  a l t e r n a t o r  was fe d  v i a  i t s  s l i p  r i n g s  w i th  a dc c u r r e n t  
w hich  was o b ta in e d  from 3 -p h a se  s u p p ly  SUl and r e c t i f i e r  REl. V a r ia c  
VAl was used to  c o n t r o l  th e  m agn itude  o f  th e  a l t e r n a t o r  a rm a tu re  c u r r e n t  
w hich  s u p p l i e d  th e  a rm a tu re  w in d in g  o f  th e  t e s t  m ach ine . The dc c u r r e n t  
f o r  th e  f i e l d  w in d in g  of  th e  t e s t  m achine was p ro v id e d  from 3 -p h ase  
su p p ly  SU2 and r e c t i f i e r  RE2, u s in g  v a r i a c  VA2 to  c o n t r o l  i t s  m a g n itu d e .
* The p l a t e  shows a h e t e r o p o l a r  machine mounted i n  th e  t e s t  a p p a r a tu s .
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Plate 2 : Mounting of load cells 
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The c o u p l in g  be tw een  t h e  a l t e r n a t o r  and th e  t e s t  LSM was a d j u s t e d  
to  o b t a i n  t h e  d e s i r e d  to r q u e  a n g l e .  T h is  to rq u e  a n g le  was m easured  by 
th e  u s e  o f  a  s t r o b o s c o p e  w h ich  was u sed  t o  v iew  th e  r o t o r  p o s i t i o n  
r e l a t i v e  t o  a s c a l e  f i x e d  to  t h e  t e s t  m oto r s t a t o r .
5 .3  D e s c r i p t i o n  o f  M easurem ents
5 . 3 . 1  M easurement o f  f l u x  d e n s i t y
The f i r s t  e x p e r im en t  t h a t  was c a r r i e d  o u t  was a m easurem ent o f  th e  
a i r - g a p  f l u x  d e n s i t y  a s  a f u n c t i o n  o f  f i e l d  c u r r e n t  a t  s t a n d s t i l l .
The f l u x  d e n s i t y  was m easured  by  th e  u s e  of a  g au ssm e te r  w i t h  a 
H a l l  p ro b e .  I n  t h i s  m easurem ent t h e  H a l l  p robe  was p o s i t i o n e d  a t  th e  
i n t e r s e c t i o n  o f  th e  l o n g i t u d i n a l  c e n t r e  l i n e  o f  a s i d e  limb and th e  
t r a n s v e r s e  c e n t r e  l i n e  o f  a  p o l e .
A c u r r e n t  o f  1 amp was a p p l i e d  to  th e  LSM f i e l d  w in d in g  and th e  
c o r r e s p o n d in g  f l u x  d e n s i t y  was o b ta in e d .  The f i e l d  c u r r e n t  was th e n  
i n c r e a s e d  i n  s t e p s  o f  1 amp up to  14 amps and th e  c o r r e s p o n d in g  f l u x  
d e n s i t i e s  w ere m easu red .  The m easured  B ^-I^  cu rv e  i s  shown i n  F i g . 5 . 3 . 1 .
5 . 3 . 2  Open d i r c u i t  t e s t
To o b t a i n  an open c i r c u i t  c h a r a c t e r i s t i c  th e  LSM was d r iv e n  a t  
low sp eed ,  a t  a  f re q u e n c y  o f  16 .7  Hz w hich  was k e p t  c o n s t a n t  d u r in g  th e  
t e s t .  The f i e l d  c u r r e n t  was in c r e a s e d  from 0 to  13 amps in  1 amp s t e p s  
and th e  c o r re s p o n d in g  a rm a tu re  t e r m in a l  p h ase  v o l t a g e  r e a d in g s  on open 
c i r c u i t  w ere t a k e n .  The same p ro c e d u re  was fo l lo w e d  to  o b t a i n  cu rv es  
f o r  b o th  v e r s i o n s  o f  th e  LSM a t  f r e q u e n c i e s  o f  33 .33  Hz, 50 Hz, 66 .67  Hz, 
and 83 .33  Hz. The cu rv es  f o r  th e  c y l i n d r i c a l  m achine a r e  shown i n  
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F i e l d  c u r r e n t  IF (A )
Fig» 5 . 3 . 2 ( a )  O p e n - c i r c u i t  t e s t  f o r  c y l i n d r i c a l  LSM a t  many f r e q u e n c i e s
A-A—A—A-A measurement a t 16..67 Hz
o-o-o-cD-a II II 33..33 Hz
0 - 0 - 0 - x > II II 50 Hz
II II 66..67 Hz
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F i e l d  c u r r e n t  IF ( A )
F ig .  5 .3 .2 ( b )  O p e n - c i r c u i t  t e s t  f o r  f l a t  LSM a t  many f r e q u e n c i e s
A—A—6—A—A measurement a t 16..67 Hz
0 -0 —a —0-C3 tt II 33.,33 Hz
II II 50 Hz
o - o -o -o -o II II 66,.67 Hz
II II 83..33 Hz
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5 . 3 .3  M easurem ents o f  t h e  d - a x i s  and q - a x i s  a i r - g a p  v o l t a g e
The two r e a c t i o n  t h e o r y  c o n s id e r s  d i r e c t  and q u a d ra tu r e  axes
s e p a r a t e l y ,  a s s ig n in g  d i f f e r e n t  r e a c t i o n  r e a c t a n c e s  to  e a c h .  To s e p a r a t e
th e  m a g n e t iz in g  r e a c t a n c e  X , o r  X and th e  le a k a g e  r e a c t a n c e  X . , o r  X.md mq 2d &q
a s e a r c h  c o i l  was added to  th e  t e s t  m a ch in es .  T h is  s e a r c h  c o i l  was
f i t t e d  to  t h e  p o le  f a c e  o f  t h e  s t a t o r  e n a b l in g  an  a i r  gap v o l t a g e  to  b e
m easured  and a m a g n e t iz in g  in d u c ta n c e  L , o r  L to  be  o b ta in e d  by  th emcl mq
u se  o f  e q u a t io n  E/o) = The c y l i n d r i c a l  machine was used f o r
t h e s e  t e s t s  so t h a t  l o n g i t u d i n a l  edge e f f e c t s  co u ld  be  a v o id e d .
F i r s t l y ,  t h e  m achine was d r iv e n  a t  low sp eed  a t  a f re q u e n c y  o f  
16.67  Hz w i t h  1 amp p o s i t i v e  sequence  c u r r e n t  a p p l i e d  to  th e  a rm a tu re  
w in d in g .  In  o r d e r  to  o f f e r  a  p a t h  o f  h ig h  perm eance th e  r o t o r  o f  th e  LSM 
was so r o t a t e d  t h a t  a  to r q u e  a n g le  o f  0 °  was m a in ta in e d .  R ead ings  o f  
th e  a i r  gap v o l t a g e  w ere  n o te d  a s  th e  a rm a tu re  c u r r e n t  was in c r e a s e d  
from 1 to  8 amps i n  1 amp s t e p s .  T h is  p ro c e d u re  was r e p e a te d  f o r  th e  
same f r e q u e n c y  s t e p s  u sed  i n  th e  open c i r c u i t  e x p e r im en t  m en tioned  in  
th e  p r e v io u s  s e c t i o n .
The same p ro c e d u re  was used  f o r  th e  q - a x i s  m easurem en ts .  A l l  th e  
r e a d i n g s  j u s t  d e s c r ib e d  w ere  m u l t i p l i e d  by  234 to  o b t a i n  th e  e q u i v a l e n t  
p h a s e  v o l t a g e  E a c c o rd in g  to  th e  f o l lo w in g  r e l a t i o n s h i p
.  ,  % » .  -  V
w here
2pCZ^ q i s  known from Appendix  2 . 9 .2  w here  f o r  th e
c y l i n d r i c a l  LSM i s  140 tu r n s  
th e  number o f  t u r n s  o f  th e  s e a r c h  c o i l  (4)
Eg th e  r e a d in g  o f  a i r  gap v o l t a g e  u s in g  th e  s e a r c h  c o i l
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the  s e t s  o f  r e s u l t s  f o r  bo th , d - a x i s  and q - a x i s  p o s i t i o n s  of th e  r o t o r  
a re  shown i n  F ig u r e s  5 . 3 . 3  and 5 . 3 . 4  r e s p e c t i v e l y .
5 . 3 .4  Normal f o r c e  t e s t
The f i r s t  t e s t  c a r r i e d  o u t  was th e  m easurem ent o f  norm al f o r c e  a s  
a  f u n c t i o n  o f  f i e l d  c u r r e n t .  F o r t h i s  m easurem ent th e  f i e l d  c u r r e n t  was 
in c r e a s e d  from 0 to  8 amps i n  1 amp s t e p s  w i th o u t  r o t a t i n g  th e  m achine 
and th e  r e s u l t s  a r e  shown i n  F i g .  5 . 3 . 5 .
The n e x t  s t e p  i n  t h e  f o r c e  m easurem ents  was to  f i n d  th e  
f o r c e  c h a r a c t e r i s t i c s  due to  a rm a tu re  c u r r e n t  v a r i a t i o n s  i n  b o th  d and 
q a x e s .  At f i r s t  t h e  m achine was s e t ,  a s  i n  th e  p r e v io u s  t e s t ,  t o  a 
low speed  [16 .67  H z) ,  w i t h  a  c o n s t a n t  to rq u e  a n g le  o f  0 ° .  The a rm a tu re  
c u r r e n t  was i n c r e a s e d  from 0 to  14 amps i n  2 amp s t e p s  and f o r c e  r e a d in g s  
w ere ta k e n  a t  e a c h  s t e p .  These r e s u l t s  a r e  shown in  F ig .  5 . 3 . 6 .
The p ro c e d u re  j u s t  d e s c r ib e d  was r e p e a t e d  f o r  a f ix e d  to rq u e  a n g le  
o f  90° i n  o rd e r  to  o b t a i n  t h e  q - a x i s  f o r c e .  T h is  i s  shown i n  F i g . 5 . 3 . 7 .
The measurement o f  th e  v a r i a t i o n  of a t t r a c t i v e  f o r c e  w i t h  r o t o r  
p o s i t i o n ,  and c o n s t a n t  a rm a tu re  and f i e l d  c u r r e n t s  was a l s o  c a r r i e d  o u t  
and th e  r e s u l t s  a r e  shown i n  F ig .  5 . 3 . 8  and F i g .  5 .3 .9  r e s p e c t i v e l y .
For t h i s  m easurem ent,  th e  LSM was ru n n in g  a t  a  low f re q u e n c y  (1 6 .6 7  Hz) 
w h ich  was k e p t  c o n s t a n t  d u r in g  th e  t e s t .  The f o r c e  r e a d in g s  w ere  ta k e n  






























armature  c u r r e n t  la  ( A )
F ig ,  5 . 3 .3  D -ax is  phase  v o l t a g e  t e s t  f o r  c y l i n d r i c a l  LSM 
a t  many f r e q u e n c ie s
m easurem ent a t  16 .67  Hz 
" 33 .33  Hz
" 50 Hz
" 66 .67  Hz



























armature  c u r r e n t  la  ( A )
F ig .  5 . 3 .4  Q -a x is  p h ase  v o l t a g e  t e s t  f o r  c y l i n d r i c a l  LSM 
a t  many f r e q u e n c i e s
A-A-A—A—A Measurement a t  16.67 Hz
CHO-CMÜ-O fî " 33 .33 Hz
o -o -o -o -o tf " 50 Hz
o -o -o -o -o II " 66 .67 Hz
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F i e l d  c u r r e n t  IF (A )

















armature  c u r r e n t  la  (A )
F ig .  5 .3 .6  D -a x is :  norm al f o r c e  due to  a rm a tu re  c u r r e n t  measured 
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armature c u r r e n t  la ( A )
F ig .  5 . 3 . 7  Q - a x i s : norm al f o r c e  due to  a rm a tu re  c u r r e n t  m easured 
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F ig .  5 . 3 . 8  V a r i a t i o n  o f  norm al f o r c e  w i t h  to rq u e  a n g le  due to  an
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F ig .  5 . 3 .9  V a r i a t i o n  o f  norm al f o r c e  w i th  to rq u e  a n g le  due to  a
f i e l d  c u r r e n t  o f  5 amps, an a rm a tu re  c u r r e n t  o f  9 .7  amps 
and a f re q u e n c y  o f  16.67  Hz
156
5 .4  D is c u s s io n  and C o n c lu s io n
The u se  o f a c y l i n d r i c a l  v e r s io n  o f th e  hom opolar LSM e n a b le s  th e  
l o n g i tu d in a l  edge l o s s e s ,  w h ich  a r e  p r e s e n t  i n  a t r u e  l i n e a r  m ach ine , 
to  b e  s e p a r a te d  from  th e  o th e r  lo s s e s  w h ich  a r e  n o rm a lly  p r e s e n t .  The 
e n t r y  edge e f f e c t  c a u s e s  a r e d u c t io n  o f  f lu x  d e n s i ty  in  th e  a i r  gap o f 
a  l i n e a r  m o to r , b u t  n o t ,  o f  c o u r s e ,  in  a c y l i n d r i c a l  m ach in e . T h is  
r e d u c t io n  o f  f lu x  h as  b een  e x p la in e d  in  te rm s o f eddy c u r r e n t s  in  
r e f e r e n c e  5 .2 .  The e f f e c t  o f f lu x  r e d u c t io n  on th e  o p e n - c i r c u i t  cu rve  
i s  shown i n  F ig .  5 .4 .1 .  T h is  f ig u r e  shows th e  c u rv e s  o f F ig s .  5 .3 .2 ( a )  
and (b) p l o t t e d  to  th e  same s c a l e .  I t  w i l l  b e  o b se rv ed  t h a t  f lu x  
r e d u c t io n  i s  g r e a t e s t  a t  th e  h ig h e s t  sp e e d .
E x am in a tio n  o f  F ig .  5 .3 .3  shows t h a t  s a t u r a t i o n  i s  p r e s e n t  i n  th e  
d - a x is  ev en  though  th e  m ach ine i s  n o t  e x c i te d  by  a f i e l d  c u r r e n t .  I n  
th e  q - a x i s  CFig. 5 .3 .4 )  th e r e  i s  v i r t u a l l y  no s a t u r a t i o n .  T h is  i s  due 
to  th e  much l a r g e r  e f f e c t i v e  a i r - g a p  in  t h i s  a x i s .
The r e d u c t io n  i n  a i r  gap f lu x  d e n s i ty  due to  th e  e n t r y  edge c a u se s  
th e  a t t r a c t i v e  f o r c e  to  d e c re a s e  w i th  sp e e d . I t  was t h e r e f o r e  n e c e s s a ry  
to  p e rfo rm  th e  f o r c e  m easurem en ts a t  a  low fre q u e n c y  (1 6 .6 7  Hz) so  t h a t  
a  com parison  co u ld  be  made w i th  p r e d ic t io n s  from  th e  s t a t i c  m a th e m a tic a l 
m odel. U nder lo a d  c o n d i t io n s ,  g r e a t e s t  s a t u r a t i o n  o c c u rs  a t  a to rq u e  
a n g le  o f 0 °  and i t  d e c re a s e s  a s  th e  a b s o lu te  v a lu e  o f  t h i s  a n g le  in c r e a s e s  
F u r th e rm o re , f o r  to rq u e  a n g le s  o f  g r e a t e r  th a n  90° th e  s a t u r a t i o n  e f f e c t  
may b e  n e g le c te d .
The good ag reem en t be tw een  c a l c u la te d  and e x p e r im e n ta l r e s u l t s  g iv e s  
some c o n f id e n c e  i n  th e  p r e d i c t i o n  m ethod t h a t  was d ev e lo p ed  in  C h a p te r  2 . 
T h is  m odel may now be u sed  f o r  p ro d u c in g  f u r t h e r  d e s ig n s  i n  w h ich  
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F i e l d  c u r r e n t  IF ( A )
F ig .  5 .4 .1  O p e n -c i r c u i t  t e s t  f o r  c y l i n d r i c a l  and f l a t  LSM a t  
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5 .5  A ppendix ; M easurem ent o f  B-H C urves f o r  LSM S ta t o r  M a te r ia l
5 .5 .1  I n t r o d u c t io n
M easurem ent o f th e  f l u x - d e n s i t y  a g a in s t  f i e l d  s t r e n g th  cu rv e  f o r  
th e  s t a t o r  c o re  m a te r i a l  u sed  in  th e  LSMs was p erfo rm ed  u s in g  a 25 cm 
d o u b le - lo o p  E p s te in  S q u a re ^ ^ '^ ^ . T h is  s q u a re  c o n s i s t s  o f  fo u r  s o le n o id s  
in t o  w h ich  th e  t e s t  s t r i p s  a r e  i n s e r t e d  to  form  a  c lo s e d  m ag n e tic  
c i r c u i t .
R o th  c y l i n d r i c a l  and l i n e a r  v e r s io n s  o f  th e  LSM w ere  c o n s tru c te d  
u s in g  g r a in —o r ie n t e d  e l e c t r i c a l  s t e e l .  S in ce  v a r io u s  p a r t s  o f  th e  m achine w ere  
f a b r i c a t e d  u s in g  m a te r i a l  e i t h e r  a l ig n e d  w ith  th e  r o l l i n g  d i r e c t i o n  (0 °)  
a s  a t  r i g h t  a n g le s  to  i t ,  B/H c u rv e s  f o r  e a c h  d i r e c t i o n  w ere m easu red .
5 .5 .2  Specim en and w in d in g  assem b ly
F l a t  s t r i p s  30 mm w id e  and 250 mm lo n g  w ere c u t  f o r  a p a r t i c u l a r  
spec im en . No a d d i t i o n a l  i n s u l a t i o n  was u sed  on o r  be tw een  th e  s t r i p s .  
S ix  s t r i p s  w ere  u sed  in  e a c h  lim b o f  th e  s q u a re .  The e f f e c t i v e  c r o s s -  
s e c t i o n a l  a r e a  "A" o f  each  lim b was th e  same and was c a l c u la te d  from  th e  
fo llo w in g  r e l a t i o n s h i p
A = n . t .w  6 .5 .2 .1
w here
n : number o f  s t r i p s  in  e a c h  le g  = 6
t : th ic k n e s s  o f  s t r i p  = 0 .2 8  mm
w: w id th  o f  s t r i p  = 30 mm
-5  2A: c r o s s - s e c t i o n a l  a r e a  o f specim en  = 5 .0 4  x 10 m
In  th e  E p s te in  s q u a re ,  u s in g  s t r i p s  c u t  a t  0 °  to  th e  r o l l i n g  
d i r e c t i o n , 50 tu r n s  on each  le g  w ere co n n ec ted  in  s e r i e s  to  form  200 
tu r n s  f o r  th e  m a g n e tiz a tio n  w in d in g . B enea th  t h i s  w in d in g  th e r e  w ere 6
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tu r n s  on each, le g  w h ich  w ere co n n ec ted  in  s e r i e s  to  fo rm  24 tu r n s  f o r  
th e  s e a r c h  c o i l .  The E p s te in  sq u a re  f o r  s t r i p s  c u t  p e r p e n d ic u la r  to  th e  
d i r e c t i o n  o f  r o l l i n g  had  1840 tu r n s  f o r  th e  m a g n e tiz a tio n  w in d in g  and 
24 tu r n s  f o r  th e  s e a r c h  c o i l .
5 .5 .3  T e s t d e t a i l s
In  th e  t e s t ,  th e  m ethod o f dc r e v e r s a l  u s in g  th e  s im p le  c i r c u i t  
shown in  F ig .  5 .5 .1  was u s e d . A m a g n e tiz in g  c u r r e n t  was p a sse d  th ro u g h  
th e  m a g n e tiz in g  w in d in g  on th e  s q u a re ,  w h ile  a  f lu x  m e te r  was co n n ec ted  
a c ro s s  th e  se c o n d a ry  w in d in g  { s e a rc h  c o i l ) . To o b ta in  th e  f lu x  d e n s i ty  
in  th e  c o re  w ith  a c e r t a i n  c u r r e n t  " i "  amps in  th e  m a g n e tiz a tio n  w in d in g  
th e  s w itc h  Cs) a c ro s s  th e  f lu x  m e te r  was c lo s e d ,  th e  r e v e r s in g  s w itc h  
S I was s e t  in  p o s i t i o n  Ca) and th e  v a r i a b l e  r e s i s t o r  (R) a d ju s te d  u n t i l  
th e  m a g n e tis in g  c u r r e n t  was " i "  amps. T h is  c u r r e n t  was r e v e r s e d  s e v e r a l  
tim es  and th e  s w itc h  l e f t  i n  p o s i t i o n  ( a ) . T h is  r e v e r s in g  was c a r r i e d  
o u t to  b r in g  th e  i r o n  in to  a  c y c l ic  s t a t e  and th u s  a v o id  e r r o r s  w hich  
co u ld  b e  cau sed  by  m a g n e tic  h y s t e r e s i s .  The s w itc h  a c r o s s  th e  f lu x  
m e te r was th e n  opened and th e  f lu x  m e te r  p o in t e r  was s e t  to  z e ro .  The 
m a g n e tis in g  c u r r e n t  was r e v e r s e d  by  moving th e  two way s w itc h  to  p o s i t i o n  
(b) and th e  f l u x  m e te r  d e f l e c t i o n  was n o te d . The p ro c e d u re  j u s t  d e s c r ib e d  
was re p e a te d  w i th  in c r e a s in g  c u r r e n t s  in  th e  ra n g e  0 to  2 .8  amps f o r  th e  
90° spec im en . F or b o th  o f th e s e  t e s t s ,  th e  m a g n e tis in g  c u r r e n t  was 
in c re a s e d  in  s te p s  o f  0 .0 1  amps and th e  d e f l e c t i o n  o f  f l u x  m e te r  f o r  
e a c h  s te p  w ere ta k e n . The m a g n e tic  f i e l d  s t r e n g th s  and c o r re sp o n d in g  
f l u x  d e n s i t i e s  w ere d e te rm in e d  from  th e  fo llo w in g  e q u a t io n s ;
N i
H = - k -  5 .5 .3 .1
® ■ 2 N J T T  5.5.3.2
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w here
H: m a g n e tic  f i e l d  s t r e n g t h  (A/m)
N^: number o f  t u r n s  i n  m a g n e tis in g  w in d in g
I :  mean p a th  le n g th  ( ta k e n  a s  0 .9 4  m)
i :  m a g n e tis in g  c u r r e n t  (A).
B: f lu x  d e n s i t y  (T)
X: m easured  f lu x  l in k a g e  w i th  s e a rc h  c o i l  (W b-tum )
N^: number o f  tu r n s  o f  s e a r c h  c o i l
F ig u r e s  5 .5 .2  and 5 .5 .3  show th e  B/H c u rv e s  f o r  th e  two r o l l i n g  
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F ig .  5 .5 .2  M a g n e tis a tio n  cu rve  fo r  s t a t o r  m a te r ia l  i n  w hich  th e  f lu x  
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F ig .  5 .5 .3  M a g n e tis a t io n  cu rv e  f o r  s t a t o r  m a te r ia l  in  w hich  th e  f lu x  
p a s s in g  an i r o n  w ith  90
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6 .1  I n t r o d u c t io n
I n t e r e s t  h a s  b een  shown r e c e n t l y  in  th e  a p p l i c a t io n  o f l i n e a r
sy n ch ro n o u s m o to rs  (LSMs) to  advanced  t r a n s p o r t  sy s te m s . In  r e f e r e n c e  
6 .1 ,  two form s o f  i r o n - c o r e d  l i n e a r  synch ronous m ach ines w ere d e s c r ib e d  
and t h e i r  c a p a b i l i t i e s  f o r  p r o v id in g  e le c tro m a g n e tic  t h r u s t  and 
su sp e n s io n  w ere c o n s id e re d .  In  b o th  ty p e s  o f  m achine th e  dc as w e l l  as 
th e  ac  w in d in g  was p la c e d  on th e  s t a t o r ,  w h ich  i s  a t ta c h e d  to  th e  
v e h i c le .  T h is  a v o id s  th e  n e c e s s i t y  f o r  an  e x p e n s iv e  wound s e c o n d a ry .
T h e o r e t ic a l  and e x p e r im e n ta l r e s u l t s  f o r  th e  p e rfo rm an ce  o f a 
h e te r o p o la r  LSM w ere p r e s e n te d  in  r e f e r e n c e s  6 .2  and 6 .3 .  A hom opolar 
m achine h a s  been  in v e s t i g a t e d  i n  th e  p re v io u s  c h a p te r s  o f t h i s  t h e s i s .
I t  i s  th e  p u rp o se  o f t h i s  c h a p te r  to  p r e s e n t  an e x p e r im e n ta l  co m parison  
o f  th e  f o r c e  and e l e c t r i c a l  c h a r a c t e r i s t i c s  o f  h e t e r o p o la r  and hom opolar 
m ach ines d e s ig n e d  to  g iv e  th e  same t h r u s t
6 .2  D e ta i l s  o f D es ig n s  and C om parison o f W eights
The h e te r o p o la r  and hom opolar m ach ines a r e  s in g le  s id e d  m ach ines 
and t h e i r  s t a t o r s  a r e  o f  E—c o re  and C -co re  c o n s t r u c t io n  r e s p e c t iv e l y  
(s e e  F ig s .  6 .1 a  and 6 .1 b ) .  The a rm a tu re  w in d in g  i s  p la c e d  in  s l o t s  in  
th e  c e n t r e  lim b in  th e  h e t e r o p o la r  m achine and in  s l o t s  i n  th e  o u te r  
lim b s in  th e  hom opo lar. The two f i e l d  c o i l s  o f th e  h e t e r o p o la r  m achine 
w ere co n n ec ted  in  s e r i e s  a s  w ere th e  two s e t s  o f  a rm a tu re  w in d in g s  on 
th e  hom opolar m o to r. The s p e c i f i c i a t i o n s  o f  b o th  m ach ines i s  g iv e n  in  
T ab le  6 .1 ,  and a l l  th e  d im en s io n s  a r e  shown in  F ig .  6 .1 .  The t e s t  
m ach ines w ere  o p e ra te d  w i th  th e  same a rm a tu re  c u r r e n t s  and c u r r e n t  
d e n s i t i e s  and th e  same f i e l d  c u r r e n t s  and c u r r e n t  d e n s i t i e s .  B oth m achines 
have th e  same e x c i t a t i o n  f lu x  d e n s i ty  and th e  same p o le  f a c e  a re a  and 
th e r e f o r e  p roduce  th e  same t h r u s t .
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I t  i s  d e s i r a b l e  to  keep  th e  m oto r w e ig h t to  a minimum s in c e  t h i s  
form s a l a r g e  p a r t  o f th e  t o t a l  v e h ic le  w e ig h t . At f i r s t  s i g h t  th e  
hom opolar m achine a p p e a rs  to  b e  th e  l i g h t e r  o f  th e  two ty p e s  s in c e  i t  
h a s  a f i e l d  w in d in g  t h a t  i s  33% o f  th e  w e ig h t o f t h a t  o f th e  h e te r o p o la r  
m ach in e . However, t h i s  ad v an tag e  i s  o f f s e t  by  th e  re q u ire m e n t f o r  two 
i d e n t i c a l  a rm a tu re  w in d in g s  on th e  hom opolar so  t h a t  th e  o v e r a l l  s t a t o r  
w e ig h ts  i n  t h i s  c a s e  a r e  s u b s t a n t i a l l y  s i m i l a r .
As m en tioned  ab o v e , th e  f i e l d  a s  w e ll  a s  th e  a rm a tu re  w in d in g s  a re  
p la c e d  on b o a rd  th e  v e h i c le  and t h i s  r e s u l t s  i n  c o n s id e r a b le  s a v in g s  in  
t r a c k  c o s t .  In  a p a r t i c u l a r  sy stem  d e s ig n  i t  w i l l  be  n e c e s s a ry  to  have 
a v e ry  s im p le  t r a c k  c o n s t r u c t io n  and to  u se  as  l i t t l e  m a te r i a l  a s  p o s s ib le ,  
I t  w i l l  b e  o b se rv ed  from  F i g . 6 .2  t h a t  th e  t r a c k  members in  b o th  m ach ines 
can  be s im p ly  c u t from  f l a t  b a r  m a t e r i a l .  A com pariso n  o f  th e  r o t o r  i r o n  
r e q u i r e d  f o r  b o th  m ach in es  shows t h a t  th e  hom opolar r o t o r  i s  a b o u t 80% 
o f th e  w e ig h t o f  t h a t  o f th e  h e te r o p o la r  r o t o r .
6 .3  M ech an ica l C h a r a c t e r i s t i c s
The t h r u s t  f o r c e s  p rod u ced  by  h e t e r o p o la r  and hom opolar m ach ines
a r e  shown in  F ig .  6 .3 .  B o th  c u rv e s  a re  a p p ro x im a te ly  s in u s o id a l  f u n c t io n s
o f  th e  to rq u e  a n g le  and hav e  maximum v a lu e s  n e a r  a  to rq u e  a n g le  o f  9 0 ° .
The s m a ll  s h i f t  away from  s in u s o id a l  i s  c au sed  by th e  sm a ll r e lu c ta n c e
to rq u e .  In  th e  c a se  o f  th e  h e te r o p o la r  m achine ( F i g .6 .3 )  th e  maximum
t h r u s t  o c c u rs  a t  a to rq u e  a n g le  j u s t  g r e a t e r  th a n  90° w h ile  th e  maximum
t h r u s t  o f  th e  hom opolar o c c u rs  a t  j u s t  u n d er 9 0 ° . The re a so n  f o r  th e s e
d i f f e r e n c e s  i s  b e c a u se  L , < L in  th e  h e te r o p o la r  m achine and L , > Lmd mq md mq
in  th e  h om opo lar. T h is  e f f e c t  becom es s m a l le r ,  when L , and L a r emd mq
c l o s e r  i n  v a lu e  o r  when th e  e x c i t a t i o n  f o r c e  i s  la r g e  com pared w ith  t h a t  
o f  th e  r e lu c ta n c e  f o r c e .  A t a to rq u e  a n g le  o f 9 0 ° , as shown in  F i g . 6 .3 ,
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th e  e x p e r im e n ta l  m ach ines p roduced  ab o u t th e  same t h r u s t  a t  a l l  s p e e d s .
F i g . 6 .4  shows th e  norm al fo r c e  as a f u n c t io n  o f  to rq u e  a n g le  f o r  
f ix e d  v a lu e s  o f  f i e l d  and a rm a tu re  c u r r e n t s .  I t  w i l l  b e  o b se rv ed  th a t  
th e  h e t e r o p o la r  m achine p ro d u ces  much more a t t r a c t i v e  f o r c e  th a n  th e  
h o m o p o la r. The re a s o n  f o r  t h i s  i s  th e  h ig h  f lu x  d e n s i ty  in  th e  s id e  
lim b s o f  th e  h e t e r o p o la r  m ach in e . The norm al f o r c e  co u ld  be  re d u c e d  by 
in c r e a s in g  th e  a r e a  o f  o u te r  l im b s . H owever, w h i l s t  t h i s  w ould h av e  th e  
a d v a n ta g e  o f  re d u c in g  th e  e x c i t a t i o n  r e q u ire m e n t ,  l a r g e r  r o t o r  p o le s  
w ould b e  n eed ed  le a d in g  to  an i n e v i t a b l e  in c r e a s e  in  t r a c k  c o s t s .
The n o rm al and t h r u s t  f o r c e s  p rod u ced  by  b o th  ty p e s  o f  LSM a r e  i n f l u ­
enced  by th e  lo n g i tu d in a l  edge e f f e c t .  As th e  p o le s  e n te r  th e  f r o n t  o f th e  
m ach in e , eddy  c u r r e n t s  a r e  in d u ced  in  th e  r o t o r  p o le s  and t h i s  c a u se s  
a  d e la y  i n  th e  b u i ld  up o f  f l u x .  I n c r e a s in g  th e  m otor speed  g iv e s  an 
in c r e a s e  i n  th e  end e f f e c t s  and in  c o n seq u en c e , a r e d u c t io n  in  th e  
a v a i l a b l e  m e c h a n ic a l f o r c e .  T h is  e f f e c t  a p p e a rs  to  be  l e s s  m arked in  
th e  hom opo lar m ach in e , p resu m ab ly  b e c a u se  o f  th e  s m a l le r  amount o f 
r o t o r  i r o n .  The eddy c u r r e n t  lo s s e s  p r e s e n t  when s o l i d  p o le s  a r e  used  
may b e  a c c e p ta b le  f o r  u rb a n  s p e e d s . F o r o p e r a t io n  a t  h ig h e r  sp eed s  a 
l im i te d  am ount o f  p o le  la m in a t io n  may b e  n e c e s s a ry .
In  o rd e r  to  e x p l o i t  b o th  t h r u s t  and l i f t  f o r c e s  w ith  a minimum 
CS 2 6 3 iam ount o f  i n t e r a c t i o n  * ’ * , i t  h a s  b een  su g g e s te d  t h a t  o p e r a t io n  o f
th e  m achine b e  a t  a f ix e d  to rq u e  a n g le  o f  9 0 ° . T h is  g iv e s  n e a r ly  
maximum t h r u s t  and n e a r ly  minimum a t t r a c t i v e  fo r c e  due to  th e  a rm a tu re  
c u r r e n t .  A s im p le  c o n t r o l  sy stem  may b e  used  to  m a in ta in  a c o n s ta n t  
c l e a r a n c e  b e tw een  th e  s t a t o r  and th e  t r a c k  b e c a u se  a t  t h i s  to rq u e  a n g le  
a  l a r g e  change o f  th r u s 't  w i th  l i t t l e  change o f  a t t r a c t i o n  can be o b ta in e d .  
T ab le  6 .2  g iv e s  th e  v a lu e s  o f  t h r u s t / l i f t  p roduced  a t  th e  to rq u e  a n g le
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o f  9 0 ° . The v a lu e  o f  0 .0 5 g , o b ta in e d  f o r  th e  h e t e r o p o la r  m achine i s  
p ro b a b ly  to o  low  f o r  u rb a n  t r a n s p o r t  a p p l i c a t i o n  (a  f ig u r e  o f  0 .1 5 g  has 
b een  s u g g e s te d ) . T h is  f i g u r e  may be in c re a s e d  by  re d u c in g  th e  f i e l d  
f lu x  d e n s i t y  b u t  t h i s  w i l l  in c r e a s e  th e  t r a c k  c o s t  as  m en tioned  above.
The hom opo lar m achine p ro d u c e s  a  t h r u s t  to  l i f t  v a lu e  t h a t  i s  r a t h e r  to o  
h ig h .  In  t h i s  c a s e ,  how ever, a r e d u c t io n  can b e  e f f e c t e d  by  re d u c in g  th e  
a rm a tu re  a m p -tu rn s .
A lth o u g h  th e  hom opolar m achine p ro d u ces  a  more s u i t a b l e  t h r u s t / l i f t  
v a lu e ,  t h i s  i s  a t  th e  ex p en se  o f  m aking th e  no rm al f o r c e  more s e n s i t i v e  
to  v a r i a t i o n s  in  b o th  a rm a tu re  c u r r e n t  and s p e e d . The f o r c e  p roduced  
by  th e  f i e l d  i s  0 .5 1  kN w i th  maximum v a r i a t i o n s  o f  0 .0 7  kN and 0 .0 5  kN 
due to  th e  a rm a tu re  c u r r e n t  and sp e e d . The c o r re sp o n d in g  f ig u r e s  f o r  
th e  h e t e r o p o la r  m ach ine  a r e  0 .1 4  kN and 0 .2 5  kN on th e  f i e l d  p ro d u ced  
fo r c e  o f  2 .4  kN.
6 .4  E l e c t r i c a l  C h a r a c t e r i s t i c s
The v a r i a t i o n  i n  power f a c t o r  o f  h e te r o p o la r  and hom opolar LSMs
w i th  to rq u e  a n g le ,  when th e  v a lu e s  o f  th e  f i e l d  and a rm a tu re  c u r r e n t s  a re
k e p t c o n s ta n t  is  shown i n  F i g . 6 .5 .  At a to rq u e  a n g le  o f  9 0 ° , b o th
m ach ines g iv e  th e  same power f a c t o r  a t  low f r e q u e n c ie s .  A t h ig h e r
f r e q u e n c ie s ,  th e  h e t e r o p o la r  m achine h a s  a  h ig h e r  power f a c t o r  th a n  th e
ho m o p o lar. T h is  i s  b e c a u se  th e  r e d u c t io n  o f  L , ,  L and M ^ by endd q a f
e f f e c t s  i s  ab o u t th e  same i n  th e  h e te r o p o la r  m achine le a d in g  to  th e  
g eo m etry  o f  th e  p h a so r d ia g ra m  b e in g  a p p ro x im a te ly  m a in ta in e d . I n  th e  
hom opo lar m achine th e  le a k a g e  r e a c ta n c e  form s a g r e a t e r  p a r t  o f  L^ and 
Lq th a n  i t  does in  th e  h e t e r o p o la r .
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The le a k a g e  I s  h ig h e r  b e c a u se  o f  th e  hom opolar r o t o r  c o n s t r u c t io n  
and a l s o  b e c a u se  th e r e  a re  two a rm a tu re  w in d in g s . B ecause o f  th e  
g r e a t e r  le a k a g e  com ponent and a re  n o t  re p la c e d  by  e n d - e f f e c t s  as  
r a p i d l y  a s  T h is  r e s u l t s  in  th e  s e r io u s  r e s t r i c t i o n  i n  power f a c t o r
w i th  in c r e a s in g  sp e e d .
F i g . 6 .6  shows th e  e f f i c i e n c y  o f  th e  l i n e a r  m achines a s  a  f u n c t io n  
o f to rq u e  a n g le  when th e  f i e l d  and a rm a tu re  c u r r e n t s  a r e  c o n s ta n t .  A t 
low  f r e q u e n c ie s  and a t  a  to rq u e  a n g le  o f 90° b o th  LSMs hav e  ab o u t th e  
same e f f i c i e n c y .  A t h ig h e r  s p e e d s  th e  hom opolar m achine i s  alw ays more 
e f f i c i e n t  a s  a  d i r e c t  co n seq u en ce  o f  th e  low er e x c i t a t i o n  re q u ire m e n t .  
F u r th e rm o re , a t  a l l  f r e q u e n c ie s ,  n e a r  optimum e f f i c i e n c i e s  can  b e  
a c h ie v e d  a t  a  to rq u e  a n g le  o f  9 0 ° .
6 .5  C o n c lu s io n s
A co m parison  o f  th e  p e rfo rm a n ce  o f p ro to ty p e  h e te r o p o la r  and homo- 
p o la r  LSMs h a s  b een  g iv e n . The d e s ig n s  a r e  n o t  r e p r e s e n t a t i v e  o f  f u l l -  
s i z e d  t r a c t i o n  m achines s in c e  v e ry  sm a ll a i r - g a p s  w ere u se d .
The hom opolar m achine h as  th e  fo llo w in g  ad v an tag es  o v e r th e  h e te r o ­
p o la r .  These a r e :
a) s m a l le r  volum e o f t r a c k  m a te r i a l  r e q u i r e d .
b) b e t t e r  t h r u s t / l i f t  r a t i o .
c) b e t t e r  e f f i c i e n c y .
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These a d v a n ta g e s  m ust be w eighed a g a in s t  th e  d raw backs, w hich a re :
a) n o rm al fo rc e  more s e n s i t i v e  to  changes in  a rm atu re  
c u r r e n t  and speed .
b) low er p o w e r - f a c to r .
A lthough  th e  low er p o w e r- fa c to r  i s  a s e r io u s  d is a d v a n ta g e , a 
r e d u c t io n  in  s t a t o r  re a c ta n c e  cou ld  be a ch iev ed  in  s e v e ra l  w ays. In  
r e f e r e n c e s  6 .2  and 6 .3  th e  p o s s i b i l i t y  o f  u s in g  d i f f e r e n t  p o le  s t r u c tu r e s  
h as  been  m e n tio n ed . In  re fe re n c e  6 .4  th e  end w ind ing  leak ag e  re a c ta n c e  
of a h ig h  sp eed  l i n e a r  in d u c tio n  m otor was reduced  by e l im in a t in g  th e  
t e e t h  a l t o g e t h e r  and p ro d u c in g  an a i r  gap w in d in g . T h is method could  
a ls o  be u sed  i n  LSM d e s ig n s  to  f u r th e r  red u ce  L^. However th e  in c re a se d  
gap betw een  th e  i r o n  s u r fa c e s  o f th e  s t a t o r  and t r a c k  p o le s  would le ad  
to  an in c r e a s e d  e x c i t a t i o n  re q u ire m e n t.
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H e te ro p o la r Homopolar
S e r ie s  co n d u c to rs  p e r  a rm a tu re  s l o t 140 140
S e r ie s  co n d u c to rs  p e r  f i e l d  s l o t 600 400
S lo ts  p e r  p o le  and phase 2 2
C o il p i t c h  ( s l o t s ) 4 4
S lo t  type S em i-c lo sed S em i-c lo sed
S lo t  d ep th 29 mm 29 mm
T o ta l a rm a tu re  s l o t s 24 48
T o ta l f i e l d  s l o t s 2 2
Number o f  p o le s 4 4
S ta to r  i r o n  w eig h t 23 .5  Kg 22.1  Kg
S ta to r  copper w eig h t 11 .6  Kg 12.7 Kg
T o ta l s t a t o r  w eig h t 35 .1  Kg 34 .8  Kg
R oto r i r o n  w eig h t (under s t a t o r ) 3 .61  Kg 2.89 Kg
S e r ie s  connec ted F ie ld  c o i l s A rm ature
c o i l s
A ir gap le n g th  g 3 .2  mm 3 .2  mm
T ab le  6 .1  LSM D im ensions
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H e te ro p o la r H om opolar
T h ru s t fo r c e  a t  16 .7  Hz, kN 0 .1 3 0 .1 2
L i f t  fo rc e  due to  f i e l d ,  kN 2 .4 0 .5 1
T h r u s t / l i f t ,  g 0 .0 5 0 .2 4






















( a ) : h e t r o p o l a r
2 t r
(b) : homopolar
Fig 6-2 : r o t o r  i r o n
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s0 . 1 5
A0.10
0 . 0 5
0.00
90O
t o r q u e  a n p l e ,  d e g
Fig 6-3 : t h ru s t  charac ter i s t i cs
Key t o  F ig u r e s
H etero p o la r  1 6 .7  Hz
8 3 .3  Hz
Homopolar 1 6 .7  Hz
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torque angle, deg
Fig6-4 :  a t t r a c t i v e  character is t i cs
Key t o  F ig u r e s
H e te r o p o la r  1 6 .7  Hz
8 3 .3  Hz
Homopolar 1 6 .7  Hz
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torque an g le , deg
Fig6-6 : ef f ic iency
1 8 0
Key to  F ig u r e s  
H etero p o la r
Hcmopolar
1 6 .7  Hz
8 3 .3  Hz
1 6 .7  Hz
8 3 .3  Hz
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CHAPTER 7
CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK
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F o r a p p l i c a t io n  i n  m odern t r a n s p o r t  sy stem s th e  advanced  form s 
o f l i n e a r  synch ronous m ach ines p ro v id e  an  a l t e r n a t i v e  to  l i n e a r  in d u c t io n  
m a ch in es . A lthough  l i n e a r  a n a ly s e s  o f  th e  l i n e a r  synch ro n o u s m achines 
have been  d ev e lo p ed , a r ig o r o u s  com pariso n  be tw een  th e  v a r io u s  m achine 
ty p e s  r e q u i r e s  t h a t  more d e t a i l e d  m odels b e  d e v e lo p e d . To o b ta in  more 
a c c u r a te  p r e d ic t io n s  f o r  th e  hom opolar LSM, a n u m e ric a l m ethod f o r  th e  
s o lu t i o n  o f  th r e e  d im e n s io n a l m a g n e tic  f i e l d s  ta k in g  th e  e f f e c t s  o f 
s a t u r a t i o n  in to  a c c o u n t h a s  b een  d e v e lo p e d . The f lu x  d e n s i t i e s  r e s u l t i n g  
from  t h i s  method hav e  b e e n  u se d  to  o b ta in  th e  d i f f e r e n t  m achine c h a r ­
a c t e r i s t i c s  w hich com pared w e l l  w i th  m easu rem en ts , th u s  c o n f irm in g  th e  
v a l i d i t y  o f  th e  c a l c u l a t i o n  m ethod.
The f i e l d  model was d ev e lo p ed  in  ne tw ork  te rm s . The s o lu t i o n  was 
i n  te rm s o f  s c a l a r  p o t e n t i a l  and th e r e  was one unknown f o r  eac h  e lem en t 
node p o in t .  The c o n tin u o u s  f i e l d  was assum ed to  be  th e  sum o f  two f i e l d s ,  
one to  r e p r e s e n t  th e  s o u rc e s  and th e  o th e r  to  r e p r e s e n t  th e  m a g n e t iz a t io n  
f i e l d .  To a v o id  th e  p o s s i b i l i t y  o f an  e r r o r  o c c u r r in g  in s id e  th e  i r o n  
re g io n ^ ^ '^ ^ ^  i t  i s  n e c e s s a ry  f o r  t h i s  r e g io n  to  be  c u r r e n t  f r e e  and f o r  
a l l  so u rc e s  to  e x i s t  i n  th e  b ra n c h e s  o f  th e  a i r  r e g io n .  T h is  p ro c e d u re  
i s  p o s s ib le  s in c e  a l l  A m peres' Law i n t e r a c t i o n  p a th s  can  be  made e n t i r e l y  
i n  a i r .
The c o n d i t io n s  im posed by  in t e r f a c e s  a re  r e p r e s e n te d  in  th e  f i e l d  
model s im p ly  and d i r e c t l y  in  n u m e ric a l form  by a s s ig n in g  a p p r o p r ia te  
perm eances to  th e  n e tw o rk  b ra n c h e s .  The v a lu e s  o f  th e s e  perm eances a r e  
p r o p o r t io n a l  to  p e r m e a b i l i ty .  T h is  i s  c o n s ta n t  i n  a i r  and i t s  v a lu e  
in  th e  i r o n  re g io n  depends on th e  m a g n e tic  in d u c t io n .  The f i e l d  model 
in t e r p r e t e d  i n  te rm s o f  a ne tw o rk  i s  n o t  c o m p lic a te d  and sh o u ld  be 
f a m i l i a r  to  e l e c t r i c a l  e n g in e e r s .
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R e c ta n g u la r  b r i c k  e lem en ts  have b een  u sed  to  su b d iv id e  th e  f i e l d  
i n  th e  developm ent o f  th e  n e tw o rk  m o d e l. T hese e lem en ts  a re  b e l ie v e d  
to  be th e  m ost c o n v e n ie n t f o r  th r e e  d im e n s io n a l w ork s in c e  th e y  a r e  
easy  to  v i s u a l i s e .  B oundary s u r f a c e s  w ere a r ra n g e d  to  c o in c id e  w i th  th e  
i n t e r f a c e  betw een  a d ja c e n t  e le m e n ts .  The node p o t e n t i a l  te c h n iq u e  was 
used  to  s o lv e  th e  n e tw o rk  m odel. The number o f  in d e p e n d e n t v a r i a b l e s  
r e q u ir e d  f o r  t h i s  s o lu t i o n  i s  e q u a l to  th e  number o f  nodes in  th e  n e tw o rk . 
The c h o ic e  o f  th e  node p o t e n t i a l  s o lu t i o n  m ethod was made b e c a u se  i t  
r e q u i r e s  few er in d e p e n d e n t v a r i a b le s  ( i n  3 d im en sio n s) th a n  i s  r e q u i r e d  
f o r  a s o lu t io n  u s in g  th e  mesh m ethod.
The f i e l d  m odel o f th e  hom opolar LSM in c lu d e d  an  a c c u ra te  r e p r e s ­
e n t a t i o n  o f g e o m e tr ic a l  d e t a i l s  such  a s  t e e th  and s l o t s .  A p e r i o d i c i t y  
c o n d i t io n  was in c lu d e d  in  th e  b o u n d ary  c o n d i t io n s  so  t h a t  i t  was o n ly  
n e c e s s a ry  to  c o n s id e r  two p o le s  o f  th e  m ach in e . An i t e r a t i v e  p ro c e d u re  
was used  f o r  th e  s o lu t i o n  o f  th e  node p o t e n t i a l  e q u a t io n s .  The sp eed  
o f  convergence  was enhanced  by u s in g  s u c c e s s iv e  o v e r r e l a x a t i o n  w ith  an 
optimum a c c e le r a t in g  f a c t o r ,  w hich was found by ex p e rim e n t to  be  a b o u t
1 .8 .  Very a c c u ra te  v a lu e s  f o r  th e  node p o t e n t i a l s  a r e  n e c e s s a r y .  The
-1 0maximum e r r o r  was 5 x 10 o f  th e  maximum p o t e n t i a l  i n  a th r e e  
d im e n s io n a l ne tw ork  o f  1873 nodes and 9893 b ra n c h e s .
The v a r i a t i o n  o f y was o b ta in e d  u s in g  m easured  B-H c u rv e s  and a 
n o n - l in e a r  i t e r a t i v e  p ro c e d u re  . The p e r m e a b i l i t i e s  w ere c o r r e c te d  in  
s ta g e s  a f t e r  each  l i n e a r  ne tw ork  s o lu t i o n  to  re d u c e  th e  p e r m e a b i l i ty  
e r r o r  to  an a c c e p ta b le  l e v e l .  B ecause th e  f l u x  i s  th e  d e s i r e d  f i e l d  
q u a n t i ty ,  th e  u se  o f  th e  node p o t e n t i a l  m ethod does hav e  a d is a d v a n ta g e  
in  t h a t  th e  f lu x e s  a re  n o t o b ta in e d  d i r e c t l y .  However, f lu x  i s  e a sy  to  
o b ta in  from  th e  n o d a l s o lu t io n  and i t  has b een  u sed  to  o b ta in  th e  d i f f e r e n t
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c h a r a c t e r i s t i c s  f o r  th e  l i n e a r  hom opolar sy n ch ro n o u s m a ch in e . Good 
ag reem en t h as  been  o b ta in e d  by  com paring  th e s e  c h a r a c t e r i s t i c s  w ith  th e  
c o r re sp o n d in g  m easured  r e s u l t s .
The v a r i a t i o n  o f L ^ and M _ w i th  f i e l d  c u r r e n t ,  t h a t  i s  w ith  s a t -mf a f
u r a t i o n ,  h as  b een  i n v e s t i g a t e d  u s in g  th e  f lu x  l in k a g e  m ethod . The 
s a t u r a t i o n  h as  a s i g n i f i c a n t  in f lu e n c e  on b o th  o f  th e s e  in d u c ta n c e s  when 
a h ig h  f i e l d  c u r r e n t  i s  em ployed. The c u rv e  o f m u tu a l in d u c ta n c e  h as  
b e e n  used  to  d e r iv e  th e  p r e d ic te d  o p e n - c i r c u i t  c h a r a c t e r i s t i c  and t h i s  
was shown to  be  in  good ag reem en t w ith  th e  m easured  o p e n - c i r c u i t  c u rv e .
The u se  o f c y l i n d r i c a l  and l i n e a r  v e r s io n s  o f LSM f o r  t h i s  m easurem ent 
e n a b le d  th e  in f lu e n c e  o f  th e  lo n g i tu d in a l  end e f f e c t  on th e  m u tu a l 
in d u c ta n c e  to  be  s tu d ie d .  I t  was found t h a t  th e  open c i r c u i t  v o l t a g e  
o f  th e  l i n e a r  hom opolar m achine d e c re a se d  w i th  s p e e d . T h is  was b e c a u se  
th e  eddy c u r r e n t s  i n  th e  s o l i d  r o t o r  o f  th e  m achine d e la y e d  th e  b u i l d  
up o f  f lu x .
The m a g n e tiz in g  in d u c ta n c e s  L^^ and L^^ o f  th e  hom opolar l i n e a r
synch ronous m achine w ere  d e te rm in e d  u s in g  th e  f l u x  lin k a g e  m ethod . I t
was c l e a r l y  shown t h a t  th e r e  i s  a dependence o f  L^^ and L^^ on s a t u r a t i o n .
I t  was n o te d  t h a t  th e  dependence o f  th e  d i r e c t  a x is  m a g n e tiz in g  in d u c ta n c e
L^^ on s a t u r a t i o n  was m arked a t  h ig h  v a lu e s  o f  a rm a tu re  c u r r e n t s ,  w h ile
t h a t  o f th e  q u a d ra tu re  m a g n e tiz in g  in d u c ta n c e  L^^ was much l e s s  dep en d en t
on s a t u r a t i o n .  T h is  was b e c a u se  th e  i n t e r p o l a r  a i r  gap l i n e a r i z e s  th e
f lu x  d i s t r i b u t i o n  and i t  rem a in s  a lm o s t in d e p e n d e n t o f  th e  s a t u r a t i o n .
B oth L , and L d e c re a se d  w ith  sp eed  owing to  end e f f e c t s ,  b u t  th e s e  md mq
re d u c t io n s  w ere l e s s  i n  v a lu e  th a n  t h a t  o f  M^^. The f r in g in g  e f f e c t  h as  
been  d is c u s s e d  and c o n s id e re d  f o r  th e  c a l c u la te d  v o l t a g e  a p p e a r in g  on 
th e  a i r  gap . The in f lu e n c e  o f  th e  le a k a g e  f lu x  w hich  f a i l e d  to  re a c h  th e  
r o to r  has  a l s o  been  in v e s t i g a t e d  and th e  more a c c u r a te  m a g n e tiz in g  
in d u c ta n c e s  have b een  c a lc u la t e d  le a d in g  to  good ag reem en t i n  com parison
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w ith , e x p e r im e n ta l r e s u l t s .
The e q u a tio n s  d e r iv e d  in  R e fe re n c e  1 .5  f o r  c a l c u l a t i o n  o f  t h r u s t  
and norm al fo rc e  i n  a h e t e r o p o la r  LSM i n  te rm s o f  in d u c ta n c e s ,  n e g le c t in g  
s a t u r a t i o n  e f f e c t ,  a r e  v a l i d  f o r  th e  hom opolar m ach in e . The s a t u r a t i o n  
how ever, c a u se s  th e  maximum t h r u s t ,  a t  a to rq u e  a n g le  o f  a p p ro x im a te ly  
9 0 ° , to  be red u ce d  f o r  a  p a r t i c u l a r  f i e l d  c u r r e n t ,  w h ereas  th e  norm al 
f o r c e  i s  red u ced  m ost a t  a to rq u e  a n g le  o f  0 ° .  T h is  i s  b e c a u se  o f  th e  
s a t u r a t i o n  o f M^^ and b o th  L ^  and M^^ r e s p e c t i v e l y .  As sp eed  i s  
in e c r e a s e d ,  b o th  t h r u s t  and norm al fo r c e s  a r e  re d u c e d  by th e  end e f f e c t .
D i f f e r e n t  m ethods have b een  in v e s t i g a t e d  f o r  o b ta in in g  th e  norm al 
f o r c e  o f th e  hom opolar LSM f o r  d i f f e r e n t  o p e r a t in g  c o n d i t io n s  and ta k in g  
s a t u r a t i o n  e f f e c t s  in t o  a c c o u n t.  T hese m ethods a r e  b a se d  on th e  u se  o f  
in d u c ta n c e ,  f lu x  p l o t  and M axwell s t r e s s e s .  The l a s t  m ethod g iv e s  th e  
m ost a c c u ra te  r e s u l t s .  The c lo s e d  M axw ell s u r f a c e  was chosen  to  su rro u n d  
th e  seco n d ary  member o f  th e  m ach ine . An e x te n s io n  o f  t h i s  c lo s e d  s u r f a c e  
shown in  F i g . 4 .4 .4 .1  e n a b le s  th e  t h r u s t  f o r c e  to  be  p r e d ic te d .  T h is 
e x te n s io n  was n e c e s s a ry  b e c a u se  th e  r e s u l t a n t  fo r c e  a c t in g  on b o th  s id e s  
o f  th e  r o to r  was to o  sm a ll to  c a l c u l a t e  a c c u r a te l y .
I t  i s  su g g e s te d  t h a t  th e  hom opolar l i n e a r  synch ronous m achine be
o p e ra te d  a t  a to rq u e  a n g le  o f  90° s in c e  n e a r  maximum v a lu e s  o f  t h r u s t ,  power
f a c t o r  and e f f i c i e n c y  can  b e  a c h ie v e d . F u r th e rm o re , th e  i n t e r a c t i o n
betw een  th e  fo rc e  p roduced  by  th e  f i e l d  c u r r e n t  and t h a t  p roduced  by  th e  
a rm a tu re  c u r r e n t  i s  a t  a minimum. Normal and t h r u s t  f o r c e s  and a l s o  th e  
power f a c t o r  and e f f i c i e n c y  a re  red u ced  w ith  in c r e a s in g  sp eed  b e c a u se  o f  
end e f f e c t s .  In  o rd e r  to  re d u c e  t h i s  e f f e c t  th e  eddy c u r r e n t s  t h a t  o c c u r 
in  th e  s o l i d  r o t o r  o f  th e  m achine have  to  be  re d u c e d . T h is  m igh t be  a c h ie v e d  
by th e  u se  o f  a l im i t e d  amount o f  p o le  la m in a t io n .
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The in v e s t i g a t i o n  in to  th e  hom opolar LSM h a s  d e m o n s tra te d  t h a t  t h i s  ty p e  
o f  m achine can  b e  u sed  to  g e n e ra te  b o th  th e  l i f t  and t h r u s t  r e q u i r e d  by 
a m a g n e t ic a l ly  l e v i t a t e d  v e h i c l e .  An e x p e r im e n ta l com parison  o f  th e  
c h a r a c t e r i s t i c s  o f  p a r t i c u l a r  h e t e r o p o la r  and hom opolar m a ch in es , g iv e n  
i n  C h ap te r h a s  d e m o n s tra te d  t h a t  th e  hom opolar m achine h a s  th e
more s u i t a b l e  t h r u s t / l i f t  r a t i o  f o r  t r a c t i o n  a p p l i c a t i o n s .  The s t a t o r  
w e ig h t and volume o f  r o t o r  i r o n  a r e  a l s o  l e s s  f o r  th e  hom opolar m achine 
and t h i s  sh o u ld  le a d  to  a  more econom ica l sy s tem . F u r th e r  w ork i s  
n e c e s s a ry  in  t h i s  a r e a  to  e s t a b l i s h  w h e th e r th e  same ad v a n ta g e s  ca n  be 
o b ta in e d  from  m ach ines d es ig n ed , f o r  a  p a r t i c u l a r  t r a c t i o n  a p p l i c a t i o n .  
F u r th e r  work i s  a l s o  n e c e s s a ry  i n  o rd e r  to  com pare com peting  d e s ig n s  o f  
l i n e a r  in d u c tio n  m otor and l i n e a r  synch ronous m o to r .
A s tu d y  o f th e  norm al f o r c e s  and t h e i r  r e l a t i o n s h i p  to  th e  l a t e r a l  
f o r c e s  w hich  te n d  to  c e n t r a l i s e  th e  p rim ary  w ith  th e  t r a c k  member i s  
n e c e s s a ry  to  o b ta in  an  o p tim a l d e s ig n  f o r  th e  m ach in e . A n e t  l a t e r a l  
fo rc e  may be  r e a l i z e d  w h ile  k e e p in g  th e  norm al f o r c e s  c o n s ta n t .  T h is  
scheme r e q u i r e s  th e  com bined l i f t / g u i d a n c e  s u sp e n s io n  sy stem  to  be  known. 
The l a t e r a l  f o r c e  i s  e asy  to  p r e d i c t  u s in g  th e  com puted f l u x  d e n s i ty  
r e s u l t i n g  from  th e  th r e e  d im e n s io n a l f i e l d  a n a l y s i s .  The m ethod o f  u s in g  
M ax w ell's  s u r f a c e  s u rro u n d in g  th e  se c o n d a ry  member h a s  b een  g iv e n  to  
c a l c u la te  t h i s  f o r c e  i n  th e  c e n t r a l i s e d  p o s i t i o n  o f  th e  r o t o r .  To 
c a l c u l a t e  th e  n e t  l a t e r a l  f o r c e s  f o r  d i f f e r e n t  l a t e r a l  p o s i t i o n s  o f  th e  
seco n d ary  th e  in p u t  d a ta  sh o u ld  be  m o d if ie d  to  c o n s id e r  b o th  lim b s o f  th e  
LSM. F u r th e r  c a l c u l a t i o n  and e x p e r im e n ta l r e s u l t s  a r e  needed  to  e v a lu a te  
th e  l a t e r a l  f o r c e s  f o r  a l a r g e r  hom opolar m ach in e . T h is  w ould b e  th e  
s u b je c t  o f f u tu r e  r e s e a r c h .
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